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ABSTRACT 
STRUCTURES AND PHENANTHRENE SORPTION BEHAVIOR OF PLANT 
CUTICLES AND SOIL HUMIC SUBSTANCES 
SEPTEMBER 2006 
ELIZABETH JOY JOHNSON, B.S., LEHIGH UNIVERSITY 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Dr. Baoshan Xing 
Early decomposition-induced changes in fractionated tomato (.Lycopersicon 
esculentum Mill.), pepper (Capsicum annum L.), and apple (Malus pumila Mill.) fruit 
skin cuticular materials were studied to evaluate the contribution of aliphatic cuticular 
materials to soil organic material (SOM). Aliphatic components of fresh cuticles, 
decomposed cuticles, and humic substances, were characterized using elemental analysis, 
13C NMR, and FTIR, and underwent batch sorption experiments with phenanthrene. 
Bulk, dewaxed, non-saponifiable, and non-hydrolyzable fractions were isolated for 
analyses. Results from NMR and FTIR spectra for the fresh cuticles indicated that the 
cuticles of all the fruits studied were comprised of extractable lipids, polysaccharides and 
cutin and that pepper and apple fruit also contained non-saponifiable, non-hydrolyzable 
residues, likely to be cutan. Through decomposition, cutan increased in relative 
abundance, and cutin content decreased in relative abundance. Based on elemental 
analysis and NMR data, the polarity generally increased with decomposition, whereas the 
aliphaticity decreased with decomposition. The results of the decomposition experiment 
indicated that cutan from plant cuticles persisted through early decomposition and, as 
such, may contribute to the aliphatic nature of humic substances in SOM. The 
vi 
application of the cuticular fractionation method to humic substances (humic acids and 
humin) extracted from SOM confirmed the potential 4 contribution of plant cuticular 
materials to humic materials in soil. NMR and elemental analysis revealed that the 
isolated fractions of the humic acid (HA) and humin (HU) were highly aliphatic, and 
spectroscopic data indicated that humic materials exhibited peaks and intensities similar 
to those observed in cuticle materials. Phenanthrene behavior in the cuticular materials 
demonstrated that Koc values decreased in the bulk and dewaxed fractions and increased 
in the saponified and acid-hydrolyzed fraction through decomposition. These 
decomposition-induced sorption changes made the sorption affinity of the cuticular 
fractions more comparable to those of the isolated fractions in the HAs and HU. Overall, 
all analyses performed on fractionated HA and HU exhibited similar trends to that 
fractionated cuticles, indicating the plant cuticular material is likely a primary contributor 
to the aliphatic structure in soil humic materials. 
Vll 
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CHAPTER 1 
INTRODUCTION 
Introduction 
Retention of hydrophobic organic contaminants (HOCs) by soil particles restricts 
their mobility and bioavailability in the soil and, as such, can greatly affect the fate and 
transport of these contaminants in the soil and throughout the environment. Many studies 
have linked certain characteristics of soil organic material (SOM) to its high sorption 
affinity, including total carbon content, molecular weight fraction, polarity, aromaticity, 
etc. Despite the number of theories that have been tested, the actual mechanism 
responsible for retention of HOCs in soils remains undefined. A large number of studies 
focused on the chemical nature or structure of SOM, specifically the aromatic carbon 
content. Results from these experiments generally demonstrate that the aromaticity of 
SOM is the main characteristic influencing sorption of HOCs. Recently, studies have 
been performed with results that conflict with this theory. In most of the studies 
correlating SOM structure and sorption affinity, the aliphatic portion of SOM largely was 
overlooked. Current work has indicated that the aliphatic moieties play an active role in 
SOM sorption and therefore cannot be ignored when modeling HOC sorption affinity in 
soils. 
One of the primary sources of aliphatic moieties present in SOM may be plant 
cuticles. Plant cuticles encompass the aerial portion (predominantly stems, leaves and 
fruits) of vascular plants and serve as a waterproof, protective barrier to the environment. 
The structure and chemical composition of cuticular material varies by plant, but its two 
main components are soluble wax and insoluble aliphatic cutin. Cutin is the structural 
component of the cuticle and serves as a polymer matrix binding the wax in the cuticle, 
1 
allowing it to act as the outer defense of the plant. Cutin is very resistant to degradation 
and is comprised primarily of the Ci6 family of saturated, fatty acids and the Cis family of 
unsaturated fatty acids. The cuticular membranes of many plant species also contain an 
additional aliphatic plant residue, cutan. Cutan is operationally defined as the residual 
cuticular material that is non-saponifiable and non-hydrolyzable. It is comprised of an 
amorphous three-dimensional network linked by ether bonds containing double bonds 
and free carboxylic groups. 
The plant cuticle components cutin and cutan have been demonstrated to have 
selective preservation during decomposition, with little or no alteration, especially for 
cutan, which is often identified in fossilized cuticles. Classical studies have indicated 
that selective preservation and accumulation of aromatic biomacromolecules in soil 
organic material are important to humus formation, but more recent work using C NMR 
has demonstrated that aliphatic moieties may also provide a source of stable structures in 
SOM, and thus contribute to the formation of humic substances. Cuticular membranes 
from decomposing plants are one of the primary sources of aliphatic moieties present in 
humic substances in soil organic materials. Fresh cuticular materials have a high affinity 
for HOCs. Their high sorption potential, combined with their inhibited degradation rate, 
provides them with an important role in the fate and transport of contaminants in SOM. 
Hypothesis 
Aliphaticity of SOM is derived mainly from plant cuticular materials. Recent 
studies have suggested that aliphatic cuticular materials exhibit a high sorption affinity 
for non-ionic organic pollutants. Therefore, if we consider that cuticular materials 
contribute significantly to humic substances in SOM, we can hypothesize that 
decomposed cuticular materials may have a similar structure and composition to the 
2 
aliphatic components of humic substances and, therefore, play an important role in the 
sorption of HOCs in soils. 
Study Objectives 
In this dissertation work, the structure, composition and sorption behavior of 
isolated fractions of fresh and decomposed fruit skin cuticular materials from tomato 
(Lycopersicon esculentum Mill.), pepper (Capsicum anuum L.), and apple (Malus pumila 
Mill.), as well as isolated fractions of humic acids and humin, were assessed. The 
objectives of this study were: 
(i) to isolate and characterize aliphatic cuticular fractions from the fruits skins of 
tomato, pepper, and apple and the leaves of olive tree, 
(ii) to determine if structural changes in fruit cuticles during decomposition 
indicate selective preservation or degradation of the isolated cuticular fractions, 
(iii) to investigate the sorption of a model HOC to the isolated fractions of humic 
substances, fresh cuticles, and decomposed cuticles, and 
(iv) to evaluate the implications of cuticle-derived materials as the aliphatic 
component in soil humic substances. 
Justification 
Characterization 
Although the structure and composition of plant cuticles have been the source of 
numerous studies, most of these studies focused on tomato fruit skin, because of its high 
cutin content, and century plant {Agave Americana L.) and bush lilly (Clivia miniata 
Regel) leaves, due to their high cutan content. It has been assumed that the structure and 
composition of cutin and cutan from other plants' cuticular materials are comparable to 
the findings from these few samples. To permit a comparison to previous works and 
3 
ensure that isolation procedures were properly executed, cuticular materials were isolated 
from tomato and pepper, which have been previously characterized in the literature. 
Cuticular materials were also isolated and characterized from apple fruit and olive leaf 
cuticles. There is no record of such analysis on either of these materials in the literature. 
By studying fresh apple fruit and olive leaf (Olea europaea L.) cuticles, the results from 
this dissertation add to the current understanding of cutin and cutan isolated from cuticles 
with a higher aromaticity than previously explored cuticle samples. 
Decomposition 
The process of decomposition and humification can be studied by assessing the 
structural changes observed in decomposing plant materials over a period of time. These 
studies are based on the structural changes in whole plant litter or organic material during 
decomposition and have demonstrated an increase in alkyl carbon, a decrease in O-alkyl 
carbon, no change in aromatic carbon, and an increase in carboxyl carbon with 
decomposition. Although the contribution of plant cuticular materials to the aliphatic 
portion of SOM is generally accepted (i.e., the increase in alkyl carbon with 
decomposition), changes that occur specifically in plant cuticular materials during early 
decomposition and humification have yet to be assessed. The work produced by this 
dissertation was an analysis of the changes in biomass, elemental content, and chemical 
structure of isolated fruit cuticles during the early portion of the decomposition and 
humification process. 
Humic Substances Fractionation 
Humic substances are formed during the microbial decomposition of above and 
below ground plant residues, as well as microbial residues. The humic acid and humin 
fraction of SOM are often reported to be rich in aliphatic carbons, likely originating from 
4 
plant cuticular materials. In this dissertation, the fractionation method typically applied 
to cuticular materials to isolate bulk, dewaxed, saponified, and acid hydrolyzed (cutan) 
cuticles was applied to humic acids and humin extracted from a peat soil. By analyzing 
the isolated fractions of the humic substances, the structure, composition and sorption 
behavior of specific fractions of humic substances and cuticular materials could be 
compared. This analysis facilitated a more accurate analysis of the contribution of 
cuticular materials to humic substances. 
5 
CHAPTER 2 
LITERATURE REVIEW 
\ 
The Plant Cuticle 
Plant cuticles are the extra-cellular membrane of predominantly lipid composition 
attached to the outer walls of higher plant epidermal cells (Kolattukudy, 2002). The 
cuticular membrane is often multi-layered with the inner layer bonding to the cellulose of 
the epidermal cell wall with a pectinaceous glue layer. The boundaries between the cell 
wall, pectin, and cuticle layers are not often clearly defined due to covalent intermingling 
of the polymers near the boundaries (Kolattukudy, 2002). The thickness of each layer 
varies greatly depending on the plant species and the environment in which it is growing. 
The cuticular membrane most predominantly encompasses plant fruits and leaves, 
although it also occurs in a thinner form within some seed coats, as well as lining the sub- 
stomatal cavity and other internal canals of the leaves and stem (Juniper and Jeffree, 
1983). The main function of this membrane is to serve as a waterproof, protective barrier 
against to the environment and as a regulator of molecular diffusion among certain 
organs. Cuticle thickness can vary from <0.1 pm to greater than 10 pm in some fruits 
(Holloway, 1994). Development of this waxy cuticular membrane allowed for the 
movement of higher plants onto land approximately 400 million years ago (Kolattukudy, 
2002). 
The structure and chemical composition of cuticles vary by plant species, but they 
usually can be characterized by the presence of two classes of hydrophobic hydrocarbons, 
soluble waxes and insoluble aliphatic cutin (Holloway, 1994). Cutin is the structural 
component of the plant cuticle and is attached to the outside of the epidermal wall in the 
aerial parts of angiosperms and gymnosperms. Wax is a complex mixture of long chain 
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hydrocarbons located in the interior of the cuticle and as epicuticular wax (Kolattukudy 
1980). The function of wax in the plant cuticle is to prevent desiccation of the plant and 
act as a barrier to water diffusion. The primary role of cutin is to serve as the polymer 
matrix binding the wax in the cuticle and allowing it to act as the outer defense of the 
plant (Kolattukudy, 2002). As such, cutin tends to be more resistant to degradation than 
its waxy counterpart. 
Many species also have a newly identified third class of hydrophobic 
hydrocarbon, termed cutan (Tegelaar et al., 1989). Cutan, like cutin, is an aliphatic 
biopolymer of the cuticles of some plants. It is resistant to degradation, much more so 
than even cutin, and often is found in fossil plant specimens (Tegelaar et al., 1991). At 
the present, the molecular structure and make up of cutan is not understood clearly 
(Jeffree, 1996). 
Just as cutin, cutan, and soluble waxes are the predominant component of most 
plant cuticles, the cuticle makes up the fundamental part of the epidermal cell wall. 
Therefore, upon analyzing most plant cuticles, polysaccharides and phenolic compounds 
may be present in the residue material, representing the portion of the epidermal wall to 
which the cuticular shell was attached (Villena et al., 1999). 
Cutin in the Plant Cuticle 
Cutin is present on nearly every plant aerial organ, including stems, petiole, leaf, 
flower parts, fruits, and seed coats (Kolattukudy and Walton 1973). The thickness of the 
cutin layer varies between plant species and plant organs within a species. Plants grown 
in extreme conditions, such as high light intensity, low nutrient supply, or high wind 
exposure, will have thicker cuticles than the same species grown under less severe 
conditions (Juniper and Jeffree, 1983). The quantities present range from 10 to 30 
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(j.g/cm2 for thin cuticles, 100 to 500 pg/crn2 for medium cuticles, and as high as 1.5 
mg/cm" for very thick fruit cuticles (Holloway 1994). In, some studies, cutin is 20 to 80% 
of the mass of the cuticle (Holloway, 1994), but more recent studies indicate that it can be 
even higher. In spruce (Picea sp. L.) needle litter, purified cutin made up 98% of the dry 
weight of its cuticle (Koegel-Knabner et al., 1994). Analysis by Round et al. (2000) 
established that tomato fruit cuticles are comprised of about 96% cutin by mass. A recent 
study on pepper cuticles established that the cutin in pepper fruit made up 58% of the 
mass of the cuticle (Chefetz, 2003). 
Cutin content of the cuticular membrane generally increases as the plant develops. 
Biosynthetic tracer experiments on vetch (Vicia faba L.) leaves indicated that cutin 
monomer formation and incorporation into the polymer greatly decreased in fully 
expanded plant tissue (Kollatukudy, 1970; Kolattukudy and Walton, 1972) 
Cutin is a very inert substance, which can cause some problems in modem 
industrial processes. For example, tomato skins from juicing operations and canneries do 
not decompose readily in sewage treatment plants. Over time, they can accumulate in 
large quantities blocking the treatment filtration systems. To prevent this action, it may 
be necessary to perform expensive treatments of alkaline hydrolysis before disposal of 
the waste in sewage systems (Juniper and Jeffree, 1983). 
Isolation of Cutin. The first step in isolating cutin from any part of a plant is to disrupt 
the pectinaceous glue that bonds the cuticular layer to lateral walls of the epidermal cells. 
The two most common and gentle methods involve either incubation in ammonium 
oxalate-oxalic acid or the use of pectin-degrading enzymes (Kolattukudy and Walton, 
1973; Holloway, 1982). Once the cuticular layer has been released, extraction of the 
cuticular wax is necessary to isolate the cutin. This step may require exhaustive Soxhlet 
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extractions with chloroform and methanol, or similar wax extracting agents, for 24 hours 
or longer (Walton, 1990; Kolattukudy, 2002). Plant fruits with thicker cuticles tend to 
offer a more significant wax extracting challenge and may require longer periods of time 
in the Soxhlet apparatus (Kolattukudy, 2002). 
Cutin Structure. Since cutin is a polymer, once it has been isolated, it can be 
depolymerized by cleavage of its ester bonds. This action will release free monomers, 
their derivatives, or both components depending on the chemical or enzymatic cleavage 
method used (Kolattukudy, 2002). Each of the chemical reagents used to depolymerize 
cutin, such as potassium hydroxide (KOH), boron trifluoride (BF3), lithium aluminum 
hydride (UAIH4) in tertrahydrofiiran, yield different soluble cutin monomers as their 
products. The result of GC-MS analysis on plant cutin illustrates that approximately 10 
classes of substituted fatty acids occur in cutin (Walton, 1990). Even with the diverse 
pattern of substitution, the polyester cutin is comprised primarily of the Ci6 family of 
saturated fatty acids and Qg family of unsaturated fatty acids (Juniper and Jeffree, 1983). 
Monomer chains of lengths other than Ci6 and C]g in cutin are very rare. 
The cutin in some plants is made up of predominantly Ci6 monomers, whereas 
others are a combination of Ci6 and C]g families of monomers. The length of the 
monomer present in the cutin also has been shown to depend on the location of the cutin 
within the plant. Research performed by Espelie et al. (1979) demonstrated that the cutin 
in apple tree flower petals and stigma are comprised of mostly the Ci6 family of 
monomers; the cutin in the leaves are primarily Ci6 monomers with a small percent of Qg 
monomers, and the cutin in the fruit consists of a large amount of both families of 
monomers. A study by Baker et al. (1982) demonstrated that cutin present in the earlier 
stages of tomato fruit development is made up primarily of Cig monomers. However, the 
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study also illustrated that the increase in the number of C\6 monomers paralleled the 
increase in cuticle thickness as the fruit matured. In general, fast-growing plants and 
organs tend to have higher content of the Ci6 family of monomers (Kolattukudy, 2002). 
The linkages and structure of cutin polymers also vary greatly. Most of the 
primary hydroxyl groups in cutin are esterified, giving a linear polymer, whereas about 
half of the mid-chain secondary hydroxyl groups are esterified leading to branching and 
cross linkages (Deas and Holloway, 1977). Approximately 75% of the functional groups 
of these monomers are inter-estified by links and cross-links primarily by ester bonds, but 
peroxide and ether linkages also are present connecting monomers into a high molecular 
weight three-dimensional network (Juniper and Jeffree, 1983; Jeffree, 1996). 
Cutan in the Plant Cuticle 
Once all of the wax and cutin components have been removed from an isolated 
plant cuticle, there may be some residual material. For some species, the remaining 
material is mainly polysaccharide, signifying the epidermal wall to which the cuticle was 
attached. For other species, the remaining residue has a high molecular weight and is 
very difficult to degrade chemically. The material that remains as an insoluble, 
nonhydrolyzable residue in the cuticles of these species is called cutan (Villena et al. 
1999). Villena et al. (1999) determined that the isolated cutan from the leave of century 
plant (Agave Americana L.) and bush lily (Clivia miniata Regel) comprised 
approximately 37% and 56%, respectively, of the dry weight of their cuticles. In a study 
on pepper fruit, Chefetz (2003) determined that approximately 9.1% of the cuticle of the 
fruit is comprised of cutan. 
The presence or absence of cutan in plants also is not well understood. Cutan is 
not present in all plant species cuticles; tomato fruits, and Citrus and Erika leaves are 
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conspicuously missing this cuticle component. But there are other plants, such as beet 
{Beta vulgaris L.), in which cutan is the major polymer of the cuticle and cutin is 
undetectable. Most plants have a mixture of cutin and cutan in their cuticle. In a given 
species, the two biopolymers can be present in any ratio, and can differ in their relative 
abundance throughout the stages of plant development (Villena et al., 1999). 
Isolation of Cutan. Cutan is resistant to alkaline hydrolysis, insoluble, and mostly 
aliphatic. Cutan is separated from cutin and the rest of the plant cuticle through 
saponification of the inter-esterified cutin monomers by alkaline hydrolysis, which 
cleaves the ester linkages (Jeffree, 1996). When cutin is solubilized or saponified with 
reagents that cleave ester bonds, it yields a substantial, insoluble solid residue typically 
comprising 20 to 30% cutin solids. This residue is saponifiable cutin. 
The most common method of cutan isolation is through saponification of cutin 
with a chemical such as KOH, BF3, or UAIH4. Saponification will cause the cutin in the 
sample to become soluble and go into solution. Since the resulting cutan is non- 
saponifiable, it is very resistant to degradation and remains as a residue (Holloway 1994). 
Acid hydrolysis may still be necessary to remove any cellulose or hemicellulose that may 
remain on the cutan. The result is purified cutan. 
Cutan Structure. As stated previously, the general scientific community has not yet 
agreed upon a final determination of the structure of cutan. It is known that its aliphatic 
chains can range in length from C5 to C35 (Holloway, 1994). The original cutan structure 
experiments, performed by Tegellar et al. (1989), yielded the most accepted 
understanding of cutan structure, until recently. This highly referenced study indicates 
that the extreme resistance of the polymer to degradation is most likely due to 
spectroscopic evidence that the aliphatic portion of cutan is cross-linked to the non- 
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aliphatic portion of cutan, making the entire polymer not entirely aliphatic, but not 
entirely aromatic. Much of the structure is consistent wjth polymethylene. Tegelaar et 
al. (1989) discovered evidence from spectroscopic and pyrolitic studies that indicate that 
the polymethylenic polymer included a polysaccharide moiety. This moiety appears to 
be covalently bonded (cross linked) to the polymethylenic moiety via non-hydrolyzable 
bonds (Tegelaar et al. 1989). 
Later experiments (Villena et al. 1999; Deshmukh et al., 2005; Sachleben et al., 
2004) on plant cuticles from the leaves of bush lilly (Clivia miniata) and century plant 
(Agave americana) refute these findings. Using Fourier Transform Infrared 
Spectroscopy (FTIR) and Carbon-13 Nuclear Magnetic Resonance Spectroscopy (13C 
NMR) studies, Villena et al. (1999) illustrated a lack of absorbances and resonances 
representative of phenolics and polysaccharides, suggesting that cutan is not cross linked 
to either of these compounds, as Tegelaar et al. (1989) had reported. Villena et al. (1999) 
treated the isolated cutan with anhydrous hydrogen fluoride (to remove polysaccharide 
material) and acidolysis in 1, 4 dioxane (to remove the phenolic moieties). Cutan was 
determined to be a macromolecular network containing large amounts of carboxylic acid 
groups, and ether bonds. Linkages present in cutan are mainly aliphatic carbon-carbon 
bonds, together with ether bonds generated by oxygenase enzymes. X-ray diffraction 
data demonstrate an amorphous biopolymer with a high degree of cross-linking. These 
results have been confirmed in even more recent studies (Deshmukh et al., 2005; 
Sachleben et al., 2004). Although cutan structure is still being studied, it is generally 
understood to be comprised of an amorphous three-dimensional network linked by ether 
bonds containing double bonds and free carboxylic groups. 
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Instrumental Analysis of the Cuticular Membrane 
13C NMR Analysis. Carbon 13 Nuclear Magnetic Resonance (13C NMR) spectroscopy 
is a valuable tool in the characterization of organic materials and decomposition products 
in soil. This non-destructive method of analyzing solid soil or organic material can help 
researchers obtain an overview of the organic structures present in the sample (Koegel- 
Knaber, 1997). The recent increase in the use of solid-state NMR analysis, particularly 
that of Cross Polarization Magic Angle Spinning (CPMAS) NMR, has allowed detailed 
information regarding structural information on polymers and biopolymers to become 
more routinely available (Ray et al., 1998; Villena et al., 1999; Round et al., 2000; 
Chefetz, 2003; Deshmukh et al., 2005; Sachleben et al., 2004 ). The changes in shape 
and intensity of the peaks on the NMR offer insight into the structural differences 
between isolated fractions within a plant cuticle or between cuticle fractions isolated from 
different plants. 
In general, the spectra for isolated bulk cuticles generated intense peaks at 29 and 
31 ppm, (amorphous [mobile] and crystalline [rigid] methylene carbon, respectively), and 
smaller peaks at 72 ppm (O-alkyl carbon in carbohydrates), 105 ppm (aromeric carbon in 
carbohydrates) 130 ppm (C-substituted aromatic carbon), and 172 ppm (carboxyl 
carbon). The peaks at 29 and 31 ppm are representative of the aliphatic methylene chains 
that comprise cuticular lipids and cutin, and suggest the highly aliphatic nature of the 
cuticle. Although cutin cannot be isolated from the cuticle in its polymeric form, 
Pacchiano et al. (1993) completed a study monitoring the enzymatic purification of lime 
(Citrus aurantifolia Swingle) fruit cutin from its plant cuticle using 13C CPMAS NMR. 
After each enzyme was used, the residual material was analyzed yielding a series of 
spectra that illustrated the successive removal of carbohydrate and wax impurities 
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amounting to more than 70% of the initial cuticular mass. The NMR spectra reveal a 
large, progressive reduction of signals at 72 and 105 ppm representing cell-wall 
polysaccharide carbons. The authors assigned the peak that remains at 72 ppm, even 
after cutin is isolated, to aliphatic carbons of the cutin polyester. The largest peak on the 
spectra appears at 29 ppm, which is characteristic of the hydrophobic aliphatic cutin 
material. The removal of aliphatic waxes is estimated by the change in intensity at 33 
ppm in the bulk methylene region. Ray et al. (1998) conducted an experiment on Citrus 
aurantifolia fruit cutin using a more modem and precise NMR instrument; the results 
were complementary. 
Isolated cutan produces a different NMR spectrum than bulk cuticular membrane 
or the purified cutin, even from the same species of plant. Chefetz (2003) performed a 
study analyzing the differences in the chemical structures of bulk pepper (Capsicum 
annuum L.) cuticle, dewaxed cuticle, and residues after saponification and acid 
hydrolysis, as assessed by CPMAS C NMR. In general, he determined little difference 
in the spectra of the bulk and dewaxed cuticle samples. Similar to the studies already 
described, the spectra illustrated major peaks at 26 and 29 ppm (methylene carbons), 64, 
72, 83 and 105 ppm (carbohydrates), 130 ppm (aromatic carbons), and 172ppm 
(carboxyl/amide carbons). The cutan residue that remained after saponification and acid 
hydrolysis contained relatively more paraffinic type structures than the bulk cuticle, 
42.4% vs. 39.0%. It exhibited a very strong peak at 29 ppm with a shoulder at 32 ppm. 
The shoulder at 32 ppm represents the crystalline methylene carbons, which are more 
condensed and thus, harder to break down. The presence of the peaks at 29 and 32 ppm 
are characteristic of the polymethylenic nature of cutan. Although the other peaks 
present were the same as in the bulk cuticle, they were generally small, broad and much 
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less defined than in the bulk cuticle spectra. NMR studies on cutan isolated from century 
plant (Agave americana) and bush lilly (Clivia miniata) yielded similar spectra 
(Sachleben et al., 2004; Deshmukh et ah, 2005; Villena et ah, 1999). 
FTIR Analysis. Fourier Transform Infrared (FTIR) spectroscopy is a non-destructive 
analytical approach that is used primarily to detect the functional groups present in a soil 
or organic material sample. FTIR spectroscopy cannot be used alone to determine the 
complete structure of an unknown molecule. Often the data provided by the instrument 
will not contain enough information, or may be misleading, which may potentially cause 
problems in structural assessment. A secondary analytical method, such as NMR, will 
often be needed to confirm FTIR results (Smith, 1996). 
FTIR analysis of the isolated plant cuticle yields a complex spectrum with several 
strong absorption bands. Luque et ah (1994) analyzed the spectrum for isolated cuticles 
on the fruits of tomato (Lycopersicon esculentum Mill.). On the tomato fruit spectrum, 
the broad band at 3300 cm'1 was assigned to the stretching vibration of hydroxyl 
functional groups. This spectrum indicates that all of the hydroxyl groups are hydrogen 
bonded. The two strong bands near 2900 cm'1 were assigned to the asymmetric and 
symmetric stretching vibrations of the methylene groups, the most repeated structural unit 
in this polymer. The band at 1730 cm'1 and its shoulder at 1713 cm'1 were assigned to 
carbon-oxygen stretching vibrations of the carbonyl group of the ester bond. The 
shoulder indicates that some of these functional groups are involved in hydrogen 
bonding. The two narrow bands at 1160 cm'1 and 1100 cm'1 were assigned to 
asymmetric and symmetric C-O-C stretching vibrations of ester bonds, respectively. The 
aromatic domain is identified by a set of weak absorptive bands located between 1650- 
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1500 cm'1 and 830 cm'1. The relative intensities of these bands indicate the existence of 
phenolics at the cuticular level (Ramirez et al., 1992). 
Villena et al. (2000) analyzed the isolated leaf cuticles of bush lilly (Clivia 
miniata) using FTIR and determined similar peak assignments on the complex spectrum 
as Luque et al. (1994) and Ramirez et al. (1992) did for the tomato fruit FTIR spectrum. 
Villena et al. (2000) made some additional assignments to pertinent peaks. The medium 
intensity band recorded at 1470 cm'1 was assigned to the methylene deformation. Also, a 
different set of absorption bands were identified in the 1200 to 950 cm'1 region with 
shoulders at 1167, 1113, 1073, 1044, and 964 cm'1 were assigned to the different C-0 
and O-H deformations in secondary alcohols and define the infrared cellulose fingerprint. 
The FTIR spectra for pepper fruit skin cutan is dominated by peaks at 2930 and 
2850 cm'1 (methylene carbons), 1708 cm'1 (carbonyl stretch of the carboxyl group), 1620 
cm'1 (double bonded carbon in the aromatic ring) and 1450 cm'1 (single bonded carbon in 
the aromatic ring) (Chefetz, 2003; Chen et al., 2005). These results confirm the NMR 
analyses from these and other studies, which indicate that cutan isolated from fruit skin 
and leaves contain more aromatic cores that bulk cuticle or purified cutin, and that these 
aromatic cores are substituted by polar functional groups (Chen et al., 2005). 
Cuticular Materials and the Fossil Record 
The study of fossilized plant materials illustrates that cutin and cutan have been 
constituents of plant cuticles since vascular plants emerged onto land 400 million years 
ago (Nip and DeLeeuw, 1987, Tegelaar et al., 1991). In fossil plant materials, the cuticle 
is often the only portion of the plant where organic matter survives diagenesis unaltered. 
Cutan is often the only component in all fossil plant cuticles studied that is durable 
enough to withstand the fossilization process unaltered. Cutin, which is much more 
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easily degraded than cutan, is found only in extremely well-preserved cuticular 
membranes (Tegelaar et al. 1991). Cutin rarely accumulates in well-aerated or alkaline 
soils where it can be easily hydrolyzed by microorganisms, but it can persist for millennia 
in an acidic, anaerobic environment (Juniper and Jeffree, 1983). 
Many studies have been conducted comparing fossil plant cuticles to modern day 
plant cuticles of the same genus or even same species (Moesle et al., 1998; Tegelaar et al. 
1991; Nip et al., 1986). This method of analysis can give us an idea of the long-term 
decomposition patterns of cutin and cutan. In general, these studies have exposed that for 
a cuticle to survive fossilization, it must contain a macromolecule that is resistant to 
degradation, i.e., cutan. The variation in initial chemical composition of cuticular 
membranes of a plant can greatly affect the ability of the plant to be preserved into the 
fossil record. In a study by Tegelaar et al. (1991), all the fossil taxa investigated had 
cutan as a major component of the cuticular membrane. The modern day plant that each 
fossil species was closest to genetically had cuticles composed of either entirely cutan or 
a large majority of cutan and very little cutin. Tegelaar et al. (1991) concluded that the 
fossilization potential of extant higher plants species with cuticles comprised of large 
amounts of cutin or only cutin is very low. This discovery may well show a bias in the 
paleobotanical record. 
Humic Substances in SOM 
Soil Organic Matter Fractions 
Soil organic matter (SOM) is the organic portion of the soil, comprised of plant 
and animal residues at various stages of decomposition and residual material from soil 
organisms. It is general considered to encompass three main components, living 
biomass, identifiable plant residues, and an amorphous colloidal complex composed of 
17 
unrecognizable non-tissues. This third category is termed soil humus (Brady, 2002). Soil 
humus can be further divided into two categories, humic substances and non-humic 
substances. Humic substances constitute the bulk of SOM (Ding et al., 2001) and are 
often defined as organic material minus all recognizable plant materials (Neirop, 1998). 
Studies have indicated distinct composition differences in humic substances from 
different climates, soil types, and soil managements (Ding et al., 2001). 
Humic substances can be divided into three fractions based on their individual 
solubilities, fulvic acid (FA), humic acid (HA), and humin (HU). FAs are the fraction 
with the smallest molecular mass are soluble at all pHs. They are generally difficult to 
purify, limiting the knowledge that has been gathered on them. HAs are larger matter 
than FAs and are considered as the fraction that stabilizes the SOM of soil. They are 
insoluble at low pHs due to their characteristic metal bonding and attachment to clays and 
minerals. HUs are weaker sorbents and metal binders than the other two fractions and the 
most decomposed—being closer to coal and carbon than live plant material. HUs are 
insoluble at all pHs (Davies and Ghabbour 1998). 
FA, HA, and HU vary in their aliphaticity. Depending on where the sample is 
harvested, extracted soil humic acids generally have a total aliphaticity of 15 to 30% 
(Stevenson, 1994). In one study, the total aliphaticity of HA in compost, which is often 
used as a model for soil humus, was assessed as being between 33 and 45% (Chefetz et 
al., 1998). 
Chefetz et al. (2002b) studied the chemical nature of HA extracted from a 
grassland surface soil and from a peat sample. Chemical treatments removed known 
structural fragments from the HA. The chemical treatments included bleaching, which 
destroyed the lignin structures causing a reduction in the C-substituted and O-substituted 
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aromatic C peaks in the CNMR spectrum. Pyrolysis-gas chromatography/ mass 
spectroscopy (Py-GC/MS) or Tetramethylammoniumhydroxide (TMAH)- 
thermochemolysis on the treated HA illustrated results similar to those obtained with 
plant cuticular materials. These data suggest that HAs contain large portions of lignin 
and cuticular materials in their structure, accounting for their aliphatic nature (Chefetz et 
al., 2002b). 
The humin fraction of SOM often is reported to be rich in aliphatic carbons. 
Recent 13C NMR work from our department indicates that total aliphaticity of humin 
samples from some agricultural soils in Massachusetts can be up to 70% or higher (Ding 
et al., 2001). In a study by Lichtfouse et al. (1998), HU was analyzed by solid-state !3C 
NMR. A resistant organic residue was isolated from a crop soil by removing lipids, HAs, 
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FAs, and minerals. The C NMR spectra of this soil exhibited a relatively high signal at 
32 ppm indicative of aliphatic, saturated carbons. Study results demonstrate the 
occurrence of a highly aliphatic, straight chain biopolymer as a substantial part of HU 
and therefore, soil organic matter. 
Augris et al. (1998) isolated cutan in the humin fraction of the litter of an acid, 
loamy, forest soil in France. The isolated cutan was analyzed using solid-state l3C NMR 
spectra. The litter cutan was dominated by a peak at 30 ppm corresponding to the CH2 
groups in polymethylenic chains. This peak had a weak shoulder at 15 ppm representing 
CH3 groups. Smaller peaks were present at 70 ppm indicating the presence of carbon- 
oxygen of esters, acids, and /or amides, and at 130 ppm indicating olefinic and/or 
aromatic double-bonded carbon. The weak peak at 72 ppm may represent carbon-oxygen 
and carbon-nitrogen bonds. A study of Agave americana leaf cutan by Villena et al. 
(1999) yielded similar results. 
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As stated above, FAs comprise only a minor fraction of SOM. They are generally 
not very important for sorption of Hydrophobic Organic Contaminants (HOC) in soil due 
to the diminutive quantity present in the soil and high polarity, causing this fraction to be 
more hydrophilic. 
Humification and Decomposition of Organic Materials in Soil 
Humification is the process by which plant residues are chemically, biologically, 
and physically transformed into a more stable form: soil humus, the precursor for the soil 
fractions HA, FA, and HU. Humification of organic materials in soils has been studied 
extensively (Stevenson, 1994; Baldock et al., 1997; Koegel-Knabner, 1997; Zech et al., 
1997; Xing and Chen, 1999). Conventional views on decomposition and humification of 
organic materials involve a loss of pectin and carbohydrates and an accumulation of 
humic materials with a large proportion of aromatic carbon. A recent increase in the use 
of solid-state 13C NMR to monitor changes in carbon composition of organic materials 
undergoing decomposition has revealed a more detailed analysis of structural and 
chemical modifications within the material. The general C NMR chemical shifts limits 
in ppm for carbonyl, aromatic, O-alkyl, and alkyl are 210 to 160, 160 to 110, 110 to 45, 
and 45 to 0, respectively (Koegel-Knabner, 1997). 
Zech et al. (1997) completed a study on the chemical nature of litter 
decomposition and humification in tropical soils. The study involved a sample of fresh 
litter (L- the least decomposed), fermentation litter (Of- medium decomposition) and a 
completely humified A horizon (Ah- greatest decomposition) from a Lithic Hapludoll 
derived from metamorphic rocks. They determined that as litter decomposed from L to 
Of to Ah, signal intensities due to carboxyl C and alkyl C increased. The increase in 
alkyl C contents can be explained by the enrichment of extractable lipids, plant-derived 
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biopolyesters (cutin), non-saponifiable aliphatic biomacromolecules (cutan), or all of 
these components. The results also illustrate a slight increase in the aromatic carbon 
region, especially near 150 ppm (phenolic C). The increase in the aromatic region is not 
well pronounced, and in other forest samples, it actually has been shown to decrease. 
The signal intensity in the O-alkyl region decreased. This response is particularly 
apparent at 105 ppm, which represents the anomeric C of polysaccharides. The decrease 
in this region may be due to preferential mineralization of these polysaccharides. 
In a study by Baldock et al. (1997), solid-state 13C NMR was used to analyze the 
chemical nature of the decomposition of multiple natural organic materials including 
peat, compost, forest litter layers, and organic materials in the surface layers of soil. The 
study concluded that during humification and decomposition, organic materials 
containing alkyl C tend to accumulate, whereas aromatic C from lignin structures initially 
accumulates, as carbohydrate cellulose and hemicellulose are used up but decreases 
dramatically with further decomposition. This remaining organic residue was high in 
alkyl C content (aliphatic). 
In general, researchers have concluded that as SOM humifies, it exhibits an 
increase in alkyl C and possibly aromatic C and a decrease in O-alkyl C. This trends 
suggests that as decomposition proceeds, there will be an enrichment in aliphatic moieties 
in the SOM. The main sources of these aliphatic biopolymers in SOM are extractable 
lipids, cutin, and cutan. As stated in the previous section, cutin and cutan display a slow 
rate of decomposition, which causes them to undergo selective preservation with little or 
no alteration. The combination of persistence in the soil environment and enrichment of 
SOM during humification is what makes hydrophobic aliphatic biopolymers, such as 
cutin and cutan, so important to SOM studies. 
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HOC Sorption 
The main fate of hydrophobic organic contaminants (HOC) in the soil 
environment is sorption onto soil colloids. The retention, or sorption, of HOC by soil 
colloids restricts their mobility and bioavailability in the soil environment and often 
limits passive remedial methods of bioremediation, encouraging persistence in the 
environment (Salloum et al. 2002). Understanding and modeling sorption in soils is vital 
to accurately predicting the fate and bioavailability of HOC in soil, thereby improving the 
application efficiency of pesticides and treatment of contaminated soils. 
Currently, several hypotheses exist regarding the sorption of HOCs into SOM. 
These hypotheses involve total carbon content, molecular weight fraction, polarity, 
aliphaticity, aromaticity, etc. Despite the number of theories, the primary mechanism 
responsible for the retention of nonionic organic contaminants in the soil is very poorly 
understood. Sorption of HOCs in soil is controlled primarily by the SOM, especially if 
SOM is greater than 0.1% (Green and Karickhoff, 1990). Many early models of HOC 
sorption were based on the generalization that all soils have the same sorbing potential 
per unit mass of organic carbon (Chiou et al., 1979; Karickhoff, 1981; Chiou et al. 1983). 
Although these models worked well in some soils, they failed in others. Organic matter 
is very complex in nature and varies greatly by location and stage of decomposition 
(Green and Karickhoff, 1990). This variation in space and time makes determining the 
mechanism responsible for sorption of a given pesticide or HOC in a soil difficult. 
Recently, the chemical nature of SOM has been suggested as one of the factors 
controlling the sorption of HOC to soils and sediments, specifically the aromatic and 
aliphatic content. Chiou et al. (1998) monitored the partition of three polycyclic aromatic 
hydrocarbons (PAH) (naphthalene, phenanthrene, and pyrene) from water into different 
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soil and sediment samples. They determined that these PAHs had much higher Koc 
(sorption per unit organic carbon) values when sorbed onto the soils and sediments with 
high aromatic content than those with low aromatic content. Their work further 
suggested that the higher sorption of these hydrophobic pollutants to aromatic rather than 
aliphatic components of SOM occurs in accordance with their solubility in aromatic in 
contrast to aliphatic solvents. 
In a similar study, Ahmad et al. (2001) compared the organic matter structural 
composition of twenty-seven soils using 13C CPMAS NMR spectra and the Koc value of 
analytical grade pesticides, carbaryl and phosalone. The total organic matter content in 
the soil samples ranged from 2.8 g kg'1 to 70.1 g kg'1. The results yielded a positive 
exponential correlation of aromaticity (aryl + O-aryl) and Koc values for carbaryl and 
phosalone. This correlation indicates that the aromaticity of the SOM studied had a 
significant positive impact on the sorption of these two hydrophobic pesticides and is a 
good predictor of contaminant sorption. 
The common hypothesis, resulting from studies such as these, is that an increase 
in the aromaticity of a sorbent will result in an increased sorption of HOC. But, this 
hypothesis does not hold up in studies assessing highly aliphatic samples (Chin et al., 
1997; Chefetz et al., 2000; Salloum et al., 2002; Mao et al, 2002; Gunesakara et al. 2003; 
Gunesekara and Xing, 2003). In one such study, Chefetz et al. (2000) examined the 
sorption of pyrene on various types of natural organic matter (tomato cuticle, humin, 
humic acid, degraded lignin, peat, and lignite) with varying aromaticity and aliphaticity 
as analyzed by l3C CPMAS NMR. The study tested the hypothesis that aliphatic 
moieties of natural organic matter derived from soils or sediments can contribute 
significantly to the sorption of contaminants. They found that cuticle and humin samples 
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exhibited the highest Koc values. Both structures were high in aliphatic moieties and low 
in aromatic moieties. In general, a positive trend was measured between the Koc levels 
and the aliphaticity of the organic materials. 
Salloum et al. (2002) performed an experiment with similar conclusions. The 
sorption of phenanthrene to several aliphatic-rich SOM samples (algae, degraded algae, 
cellulose, collagen, cuticle, two kerogen samples, lignin, and highly aromatic humic acid) 
was measured, as analyzed by 13C CPMAS NMR. Batch experiment results illustrated 
that the highest Koc values were obtained using one of the kerogen samples that contained 
only 6.5% aromatic carbon. Other aliphatic rich samples, such as the other kerogen 
sample, degraded algae, and collagen samples, had Koc levels similar to that of the highly 
aromatic humic acid. A positive correlation between phenanthrene Koc values and 
paraffinic carbon content of the samples was revealed indicating that amorphous 
polymethelene carbon is also important to phenanthrene sorption. The overall results of 
this study indicate that aliphatic domains in some SOM samples have a high affinity for 
the sorption of phenanthrene and should not be overlooked. 
Chefetz (2003) conducted a study that looked specifically at the sorption of 
phenanthrene and atrazine by highly aliphatic plant cuticular fractions. These fractions 
included bulk, de-waxed (cutin), nonsaponifiable, and non-hydrolyzable (cutan) portions 
of the pepper fruit cuticle. The bulk and de-waxed cuticles displayed Koc values for both 
HOCs in ranges similar to that of soil humic substances. They also displayed similar 
atrazine sorption isotherms. The non-hydrolyzable fraction exhibited a very high Koc 
value for atrazine, whereas the nonsaponifiable sample exhibited the lowest Koc for both 
HOCs. Significantly lower sorption in PC3 is suggested to be due to the large content of 
pectin polysaccharides in the sample, causing a high O/C ratio. Chefetz (2003) 
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determined that the main polymer of the pepper cuticle (cutin, 58% by weight) and the 
cutan biopolymers exhibited a high sorption capacity for both HOCs despite their 
aliphatic nature. 
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CHAPTER 3 
SPECTROSCOPIC CHARACTERIZATION OF ALIPHATIC MOIETIES IN 
FOUR PLANT CUTICLES 
Abstract 
Aliphatic components of tomato (Lycopersicon esculentum Mill.), pepper 
(Capsicum anuum L.) and apple (Malus pumila Mill. ‘McIntosh’) fruit cuticles, and the 
leaf cuticles of mature olive tree (Olea europaea L.), were characterized using elemental 
analysis, 13C NMR, and FTIR. Cuticular fractions isolated for analyses included bulk, 
dewaxed, non-saponifiable, and non-hydrolyzable cuticles. Results from C NMR and 
FTIR spectra indicate that the cuticles of all the plant materials studied are comprised of 
extractable lipids, polysaccharides, and cutin, whereas the cuticles extracted from the 
olive leaf, pepper fruit, and apple fruit also contained non-saponifiable, non-hydrolyzable 
residues, likely to be cutan. The aliphatic signature peaks of the apple fruit and olive leaf 
cutan-like materials were much weaker than those of the pepper fruit. H/C and (0+ N)/C 
ratios for the olive leaf, pepper fruit and apple fruit cuticle fractions indicate that their 
bulk cuticle, dewaxed cuticle, and lipid fractions are more aliphatic than, but have a 
similar polarity to, their respective cutan-like fraction. These results provide evidence 
that pepper fruit, apple fruit, and olive leaf cuticles each contain a cutan-like fraction, but 
in the olive leaf and apple fruit, this fraction has a slightly different chemical structure 
from that of the pepper fruit and makes up a smaller percent of the total cuticle. 
Introduction 
The plant cuticle is a membrane of predominantly lipid composition that 
encompasses the fruit and leaves of terrestrial vegetation. The main function of the 
cuticular membrane is to serve as a waterproof, protective barrier to the environment 
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(Kolattukudy, 2002). The structure and chemical composition of cuticular material 
varied by plant but can usually be characterized by two classes of hydrophobic 
hydrocarbons, soluble wax and insoluble aliphatic cutin (Jeffree, 1996). Cutin is the 
structural component of the plant cuticle, which is attached to the outside of the 
epidermal wall in the aerial parts of angiosperms and gymnosperms. Cuticle wax is a 
complex mixture of long-chain hydrocarbons that function to prevent desiccation of the 
plant and act as a barrier to water diffusion. The primary role of cutin is to serve as the 
polymer matrix binding the wax in the cuticle. The structure of this high molecular- 
weight polymer consists of cross-linked, 16 or 18 C chains of hydoxyl-fatty acids, and 
hydroxyepoxy-fatty acids that can be depolymerized and solubilized upon saponification 
(Jeffree, 1996) (Figure 3-1). Many species of plants also have a recently identified third 
class of hydrophobic hydrocarbon called cutan (Tegelaar et al., 1989). Cutan is definted 
operationally as the residual cuticular material that is non-saponifiable and non- 
hydrolyzable. It is comprised of an amorphous three-dimensional network linked by 
ether bonds containing double bonds and free carboxylic groups (Villena et al., 1999 and 
Sachleben et al., 2004) (Figure 3-1). Some plant cuticles contain cutin, but do not appear 
to contain cutan (such as, tomato, Lycopersicon esculentum), and others have cutan but 
not cutin (such as, tuble beet, Beta vulgaris L.), while many species are comprised of 
varying ratios of cutin and cutan that differ in abundance based on plant maturity and 
location in the plant (such as, century plant, Agave Americana L.) (Tegelaar et al., 1991; 
Villena et al., 1999). 
The plant cuticle components cutin and cutan have demonstrated selective 
preservation during decomposition, with little or no alteration (Almendros et al., 1996; 
Lichtfouse et al., 1998; and Nierop, 1998), especially cutan, which is often identified in 
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fossilized cuticles (Tegelaar et al., 1991). Cuticular membranes from decomposing plants 
are one of the primary sources of aliphatic moieties in soil organic materials (Zech et al., 
1997; Chefetz et al., 2002; Kogel-Knabner et al., 1992). As plant cuticular materials 
decompose, the resistant nature of the aliphatic biopolymers in the cuticle causes a 
relative increase in the aliphatic moieties in humified soil organic material (Nierop, 1998; 
and Tegelaar et al., 1989). Recently, several studies have emphasized the importance of 
the aliphatic-rich components of the soil organic matter, specifically cutin and cutan, in 
the sorption and sequestering of hydrophobic organic contaminants (HOC) (Gunesekara 
et al., 2003; Kang and Xing, 2005; Chefetz et al., 2000; Mao et al., 2002; Salloum et al., 
2002). As cuticular materials are the precursor to the aliphatic organic materials in the 
soil, a study of the chemical composition of plant cuticles may facilitate explanations of 
this soil behavior. 
The chemical composition of plant cuticular materials may hold economic 
implications for agriculture and industry, as well as a better understanding of the sorption 
potential of HOCs to the organic matter in soil and sediments. The objective of this study 
was to characterize comprehensively the aliphatic moieties of cutin and cutan isolated 
from four plant cuticles, tomato fruit, pepper fruit, apple fruit, and olive leaf, using 
elemental analysis, ATR-FTIR and solid-state 13C NMR. This paper represents the 
baseline characterization in an ongoing experiment monitoring the variation in fruit 
cuticle composition and structure during decomposition. 
Materials and Methods 
Plant Cuticles 
Cuticular materials were isolated and purified from the fruits of tomato, pepper, 
and apple. These fruits were chosen because they represent typical New England crops, 
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and they have large thick cuticles that are isolated easily from the remaining fruit 
material. The fruits were purchased at a grocery store located in Hadley, Massachusetts, 
USA. Plant cuticular materials were also isolated from the leaves of mature olive trees, 
growing in Rehovot, Israel. Olive leaves were chosen due to their thick cuticle, which is 
easily isolated from the leaf. 
Isolation of Plant Cuticular Fractions 
To isolate the skin of the tomato, the fruit was blanched in boiling water for 20 
seconds and submerged in ice water. The loosened skins were removed by hand (Luque 
et al., 1994). The pepper and apple fruit skins were manually peeled off and boiled in 
water for one hour, after which, any remaining pulp was manually scraped off. 
Immediately after picking, olive leaves were soaked in water and washed several times in 
distilled water to remove dust. Isolation of the olive leaf cuticle began with the chemical 
extraction procedure described below. 
Aliphatic cuticular materials were isolated from the fruit skins and untreated 
leaves using a modified extraction-depolymerization procedure described by Kogel- 
Knabner et al. (1994). In brief, once the skins were removed from the fruit, they were 
incubated in a solution of ammonium oxalate (16g/L) and oxalic acid (4g/L) at 90 °C for 
24 h and extensively washed with distilled water to remove any residual pectinaceous 
material. The resulting material is the bulk cuticle fraction (Cl). Cuticular waxes (CW) 
were removed from the bulk cuticle by soxhlet extraction with chloroformrmethanol (1:1 
v/v) at 60 °C for 24 h to yield dewaxed cuticle (C2). Due to the large quantity of wax 
(-50%) in apple bulk cuticle, it was possible to isolate the cuticle wax from the 
chloroform:methanol solvent using a Buchi R-200 Rotovaper (Flawil, Switzerland). To 
depolymerize the cutin polymer, the dewaxed cuticle fraction was saponified in 1% KOH 
29 
in methanol for 3 h at 70 °C, under refluxing conditions, producing the non-saponifiable 
cuticle fraction (C3). Carbohydrates were removed from this fraction by acid hydrolysis 
\ 
using 6M HCI and then refluxing for 6 hours at 90 °C, resulting in the non-hydrolyzable 
cuticle fraction (C4). All samples were freeze-dried, ground, and sieved (0.18mm) 
before analysis. 
As indicated above, the cuticle fractions isolated were referred to as C1 (bulk 
cuticle), C2 (dewaxed cuticle), C3 (non-saponifiable cuticle), C4 (non-hydrolyzable 
cuticle) and CW (cuticle wax). Each of these labels was preceded with a T, P, A, or O, 
when referencing a fraction isolated specifically from tomato fruit, pepper fruit, apple 
fruit, or olive leaf cuticle, respectively. 
Characterization of the Cuticular Fractions 
Elemental analyses for C, H, and N contents for the three fruit cuticle fractions 
were determined using a Vario ELIII elemental analyzer (Elementar, Germany) (Xing et 
al., 2005), and the olive leaf content of these elements was determined using an EA 1108 
automated elemental analyzer (Fison Instruments, Milan, Italy). Randomly chosen fruit 
cuticle samples were run in triplicate. Olive leaf cuticular materials were run in 
duplicate. Ash content was measured on residue formed by igniting samples at 800 °C 
for 4 h. Oxygen content was calculated by the mass difference. H/C and (0+N)/C 
atomic ratios were calculated and are presented in Table 3-1. 
FTIR spectroscopy of the fruit cuticles was performed using a Perkin-Elmer 
Spectrum One Spectrometer with a Perkin-Elmer Universal Attenuated Total Reflectance 
(ATR) Sampling Accessory (Wellesley, MA) (Kang and Xing, 2005). Samples were 
analyzed between 4000-650 cm'1 at a resolution of 4 cm'1, and 200 scans were collected 
per sample. No sample preparation or baseline correction was required. Olive leaf 
30 
cuticular fraction FTIR spectroscopy was performed using aNicolet 550 Magna-IRTM 
Spectrometer (Nicolet Instruments, Madison, WI, USA). Two-mg samples were finely 
ground, mixed with 98 mg KBr, and compressed into pellets. Samples were analyzed 
between 4000-400 cm'1 at a resolution of 4 cm-1, and 40 scans were collected per sample. 
A baseline correction was performed using 4000, 2000, and 860 cm'1 as zero absorbance 
points. 
Solid-state cross-polarization magic angle spinning carbon-13 nuclear magnetic 
resonance (CP-MAS 13C NMR) spectra were obtained for the three fruits using a Bruker 
DSX-300 spectrometer (Karlsruhe, Germany) operated at the 13C frequency of 75 MHz. 
The acquisition parameters were: contact time, 1 ms; acquisition delay, 5 s; spinning 
speed, 5 kHz; and number of scans, 3000 (Chen et al., 2005). CP-MAS 13C NMR spectra 
were obtained for the olive leaf cuticle using the following acquisition parameters: 
contact time, 2 ms; recycle delay, 1 s; spinning speed, 13 kHz; and number of scans, 
10,000 (Chefetz, 2003). The spectra for all plant cuticles were divided into the following 
chemical shift regions: paraffinic carbons (0-50 ppm), alcohols, amines, carbohydrates, 
ethers, methoxyl, and acetal carbons (50-109 ppm), aromatic and phenolic carbons (109- 
163 ppm), carboxyl and carbonyl carbons (163-190 ppm), and ketone carbons (190-220 
ppm) (Kang et ah, 2003). The 0-109 ppm region of the spectra represents the aliphatic 
carbon content, and the 109-163 ppm region represents the aromatic carbon content. 
Total aliphaticity was determined by expressing aliphatic carbon content as a percentage 
of the aliphatic plus aromatic carbon content, and total aromaticity was calculated by 
expressing aromatic carbon content as a percentage of the aromatic plus aliphatic carbon 
content. 
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Results and Discussion 
Elemental Analysis and Yield 
Yields and elemental composition of isolated plant cuticular fractions are 
presented in Table 3-1. Isolation yields for each cuticular fraction were calculated to the 
percentage content of their respective bulk cuticles. The percent of external lipids 
removed from the tomato and pepper bulk cuticles (Cl) by soxhlet extraction was 
relatively small, 11 and 7% of the bulk cuticle, respectively, when compared to the 26 
and 45% extracted from the olive leaf cuticle and apple bulk cuticle, respectively. The 
very high wax content of the apple cuticle permitted the successful isolation of a large 
portion (-93%) of the extracted wax (ACW) for further characterization. The dewaxed 
cuticle (C2) represented 89%, 93%, and 74% of the tomato fruit, pepper fruit and olive 
leaf bulk cuticle, respectively, whereas the apple dewaxed cuticle comprised a little over 
half of its bulk cuticle (55%). Once the soluble external waxes were removed from the 
fruit cuticle, the predominant remaining chemical components were cutin, sugars, and 
cutan, in varying abundances, depending on the plant. 
Since the tomato cuticle is a cutan-free cuticle (Tegelaar et al., 1991), it was 
unnecessary to analyze the C3 and C4 cuticular fractions. The tomato C3 fraction was 
isolated, but only to calculate the percent saponified cutin monomers in the cuticle. The 
cutin monomers removed by saponification represented a large portion of the bulk cuticle 
in all four plant samples, corresponding to 65%, 61%, 42%, and 52% by weight for the 
tomato fruit, pepper fruit, apple fruit, and olive tree leaf, respectively. The final 
isolation, acid hydrolysis, eliminated the remaining cuticular polysaccharides and 
resulted in a non-saponifiable, non-hydrolyzable, cutan-Iike residue (C4), which 
comprised 6.8%, 2.9%, and 2.5% of the pepper fruit, apple fruit, and olive leaf bulk 
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cuticles, respectively. When percent yields were recalculated to the percentage content of 
their respective dewaxed cuticles, instead of their bulk cuticles (i.e., normalizing for the 
large wax content in the apple cuticle), the percent of cutin monomers and cutan-like 
residue (C4) appeared more comparable between the plant cuticles. The recalculated 
percent cutin monomers removed by saponification were 70, 65, 76, and 71% for the 
tomato fruit, pepper fruit, apple fruit, and olive leaf cuticles, respectively, and the percent 
cutan-like residue was 7.3, 5.3, and 3.3% for PC4, AC4, and OC4, respectively. The 
yields for the isolated tomato and pepper fruit cuticles are consistent with literature 
values (Chefetz, 2003; Chen et al., 2005; and Round et al., 2000). 
The general elemental analysis trends were similar among the isolated fractions of 
the four plant cuticle samples. The bulk, dewaxed, and non-hydrolyzable cuticles of all 
plant cuticle samples were each comprised of approximately 65% carbon. The lowest 
carbon content was in the non-saponifiable sample, approximately 40% in all samples. 
The highest carbon content was in the apple cuticle wax (77%). The aliphaticity, as 
represented by the H/C atomic ratio, ranged between 1.66 and 1.80 for the Cl, C2, C3, 
and CW fractions (as available) for each of the plant cuticles isolated. The C4 fractions 
had the lowest aliphaticity, 1.33, 1.02, and 0.94 for the pepper fruit, apple fruit, and olive 
leaf, respectively. The polarity, as determined by the (0+N)/C atomic ratio, was highest 
in the C3 fraction (~1.0 for all three isolated samples), which is indicative of the higher N 
and polysaccharide content of this fraction. The polarity of the remaining fractions was 
much lower, ranging greatest in the apple fruit sample, from 0.10 (ACW) to 0.42 (AC4). 
In general, elemental analysis results indicate that the cuticular fractions isolated were 
primarily aliphatic in composition and encompassed a wide range in polarity. The 13C 
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NMR and ATR-FTIR spectra for each fraction, as described below, confirmed the 
elemental analysis results. 
\ 
Spectroscopic Characterization 
Figures 3-2A through 3-5A illustrate the ATR-FTIR and FTIR spectra for the 
isolated cuticular fractions from the plant cuticles studied. Infrared spectra obtained for 
the tomato fruit and pepper fruit (TCI and PCI) and the dewaxed cuticle (C2) fractions 
isolated from all plant cuticles illustrate many similarities. The AC1 and OC1 spectra 
were overshadowed by bands associated with their larger wax content, and will be 
discussed separately. The broad spectral band at ~3300 cm'1 was assigned to the 
stretching vibration of the hydrogen-bonded, hydroxyl functional groups. Most of the 
remaining pronounced bands on the spectra were attributed to the fatty acids and esters 
comprising the cutin polymer. These include two strong absorption bands at 2931 and 
2850 cm'1, associated with the asymmetric and symmetric stretching vibrations of the 
methylene groups, respectively, as well as smaller bands at 1473, 1463, 1313, and 723 
cm'1, which corresponded to methyl group bending vibrations (Charnel and Marechal, 
1992). A relatively strong band at 1731 cm'1 and its shoulder at 1700 cm'1 were assigned 
to the potentially hydrogen-bonded, carbon-oxygen stretching vibration of the carbonyl 
bond in the ester group within the cutin polymer (Chen et al., 2005). Narrow bands at 
1163 and 1100 cm'1 were assigned to the asymmetric and symmetric carbon-oxygen- 
carbon stretching vibrations of the ester bonds, respectively. These bands are associated 
with the inter-esterification of the cutin monomers in the polymer. Peaks associated with 
carbon-oxygen stretching in polysaccharides in the bulk and dewaxed cuticle were 
identified at 1247, 1063, and 1030 cm'1. The aromatic domain of the cuticle was 
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associated with a weak adsorption band located at 1650-1500 cm'1, which corresponded 
to the presence of phenolic compounds at the cuticular level. 
After saponification, the characteristics of the FTIR spectra changed significantly. 
The saponification with KOH in methanol caused the ester bonds in the cutin polymer to 
break, corresponding to removal of hydroxyl fatty acids, the esters bonding the cutin 
monomers, and some phenolics that had been linked by ester bonds. As such, the spectra 
of the C3 fraction was characterized by a broad peak around 1030 cm'1, and a peak at 
1635 cm'1, associated with cuticular polysaccharides, and ionized carboxyl groups, 
respectively. The increase in polar functional groups in the C3 fraction, suggested by the 
elemental analysis, was confirmed by the predominance of polysaccharide bands in these 
spectra. Other adsorption bands presented include those associated with the aromatic 
structures of the cuticle (1650-1500 cm'1). 
In order to isolate the non-saponifiable, non-hydrolyzable, cutan-like fraction 
(C4) of the cuticle, the polysaccharides must be removed. This action was accomplished 
by hydrolyzing the C3 fraction of the pepper fruit, apple fruit, and olive leaf cuticles. 
The C4 fraction of the pepper fruit exhibited slightly different spectra from the apple fruit 
and olive leaf cuticles. Peaks at 2931 and 2850 cm'1 (stretching vibrations of methylene 
groups), 1700cm'1 (carbonyl stretch of the carboxyl group), and 1163 cm'1 (carbon- 
oxygen-carbon stretching vibrations in the ester groups) dominated the PC4 spectrum. 
The bands around 1700cm'1 are particularly strong in OC4. Villena et al. (2000) and 
Chefetz (2003) indicated that the presence of these bands (representing the cutin fatty 
acids linked by ester bonds) after saponification may be due to a partial molecular 
shielding by polysaccharides, present in a high degree of crystallinity, thus protecting the 
cutin structure from the saponification treatment. Due to this shielding, the elemental 
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analysis and FTIR data for the PC4 fraction were similar to the results obtained by 
Chefetz (2003) and not those obtained by Chen et al. (2005), in which the pepper cuticle 
may have been more purely saponified. The AC4 and OC4 spectra contained the same 
bands as the PC4, except the bands at 2931 and 2850 cm'1 were of a much lower 
intensity. Other dominant bands in all the C4 samples included 1515 cm'1, associated 
with the double bonded carbon stretching vibration in the aromatic ring, a band around 
1600 cm'1, indicating the presence of phenolics, and a band at 830 cm'1, corresponding to 
carbon-hydrogen and carbon-carbon out of plane-bending vibration in the aromatic ring. 
The presence of these bands indicates that the cutan-like C4 fraction has a greater 
aromatic component than the other fractions (Chen et al., 2005). 
The cuticular wax (ACW) removed from the bulk apple cuticle (AC1) was 
isolated from the organic solvent. The dominant peaks in the ACW spectrum were 
indicative of the aliphatic nature of the cuticular wax: 2931 and 2850 cm'1, representing 
the vibrations of the methylene group; a shoulder at 3012 cm'1, associated with the 
double-bonded carbon- hydrogen stretch in the fatty acids of the olefinic groups; and 
1731 cm'1, indicating the carbon-oxygen double bond stretching in the carbonyl group of 
the aliphatic wax ester (Veraverbeke et al., 2005). This result confirmed the elemental 
analysis data, which indicated a high aliphaticity and low polarity for ACW. Other bands 
included: 1463 cm'1, associated with methyl group scissoring in the wax hydrocarbon 
chains, and 1030 and 997 cm'1, representing carbon-oxygen and hydrogen-oxygen 
deformations in polysaccharide primary and secondary alcohols, respectively (Dubis et 
al., 1998 and Ramirez et al., 1992). According to Dubis et al. (2001), the small band at 
699 cm'1 in our data was representative of the small aromatic component in cuticular 
wax. Due to the high percentage of wax in the apple fruit and the relatively high 
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percentage in the olive leaf bulk cuticle (Table 3-1), the AC1 and OC1 spectra also 
contained these spectral bands. It should be noted that the wax analyzed on the apple 
cuticle is most likely a combination of natural epicuticular waxes and those added during 
fruit processing. 
The results for the solid-state 13C NMR spectra for the isolated cuticular fractions 
are presented in Figures 3-2B through 3-5B. The NMR spectra for the bulk and dewaxed 
cuticle (Cl and C2) of all plant cuticles studied exhibited a dominant peak at 29 ppm 
(methylene C), which suggests a highly aliphatic nature. Once the free lipids were 
removed, these peaks were assigned to the paraffinic carbon in the fatty acids of the 
biopolymer cutin (Kogel-Knabner et al., 1994). The integration data for these isolations 
provided further confirmation by indicating aliphatic carbon content, ranging between 
87% and 96%, and paraffinic carbon content ranging between 38% and 73% of the bulk 
cuticle (Table 3-2). Other peaks included 64 ppm, 72 ppm (O-alkyl carbon in 
carbohydrates), and 105 ppm (anomeric carbon of polysaccharides), 130 ppm (C- 
substituted aromatic carbons), and 172 ppm (carboxyl/amide carbons). Similar to the 
FTIR analysis, additional peaks were identified on the AC1 and OC1 spectra due to 
influence of large wax content and will be discussed separately. 
The saponified cuticle NMR spectra for the pepper fruit, apple fruits, and olive 
leaf were also very similar and were dominated by carbohydrate-type carbon. Peaks in 
the polysaccharide carbon region were identified at 64, 72, 74, 82, and 105 ppm, 
confirming the FTIR results, which indicated high polysaccharide content. According to 
Chefetz (2003), the significant reduction in the methylene carbon peaks (29 and 31 ppm) 
suggests that these cuticles are comprised primarily of cutin, with a relatively small 
quantity of cutan. Other research has indicated that the loss of methylene carbon peaks 
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after saponification confirms the presence of cutin and the complete absence of cutan 
(Kogel-Knabner et al., 2004; and Tegelaar et al., 1989). Although the aliphatic carbon 
\ 
content was not greatly reduced, the percent paraffinic carbon decreased to 14, 12 and 8% 
for PC3, AC3 and OC3, respectively, further indicating the removal of the aliphatic cutin 
monomers. A small broad peak around 130 ppm was present after the saponification, 
indicating an aromatic component to the C3 fraction. The resonances in the carboxyl 
region (172 ppm) that remained after saponification most likely correspond to ester type 
linkages that may have become encapsulated in the hydrophobic network of the 
macromolecule and were thus protected from the saponification (McKinney et al., 1996). 
To isolate the cutan-like fraction (C4) of the pepper fruit, apple fruit and olive leaf 
cuticle, the C3 fraction was acid hydrolyzed. Based on the original definition of cutan by 
Nip et al. (1986) and Tegelaar et al. (1989), this residual fraction is cutan. In this paper, 
it is referred to as a “cutan-like” fraction due to the apparent incomplete saponification of 
the C2 fraction, as illustrated in the ATR-FTIR and NMR spectra for the C3 fractions. 
The NMR spectra of the C4 fraction confirmed the desired removal of polysaccharides 
from the sample, as indicated by the loss of the peaks around 72 ppm, and 105 ppm. 
As with the FTIR spectra, the spectra for the apple fruit and olive leaf C4 
fractions varied slightly from the pepper fruit. The PC4 fraction yielded spectra similar 
to those described in the literature (Chefetz, 2003); it was comprised of 31% paraffinic 
carbon, and the NMR spectra exhibited dominant peaks at 32 and 29 ppm. Although the 
AC4 and OC4 fractions were similar to the PC4 in its aliphaticity (56, 50 and 60% 
aliphatic carbon for the PC4, AC4 and OC4, respectively), the apple fruit and olive leaf 
were comprised of only 19 and 27% paraffinic carbon, respectively, and demonstrated 
weaker peaks at 32 and 29 ppm. Chefetz (2003) determined that dominant methylene 
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carbon peaks in the non-saponifiable, non-hydrolyzable fraction confirmed the presence 
of cutan in the cuticle. The aromatic carbon contents in the C4 fractions each increased 
approximately 35% over the C3 fractions, indicating that the aromatic core of the cuticle 
was exposed after the removal of the soluble lipids, cutin monomers and polysaccharide 
components (Chen et al., 2005) and confirming that cutan is comprised of aromatic and 
aliphatic components. The aromatic regions of the C4 cuticular fractions, especially AC4 
and OC4, exhibited peaks centered in the vicinity of 147, 130, and 110 ppm, 
characteristic of O-aryl, C-substituted and protonated carbon in the aromatic rings of 
lignin structures (Kogel-Knabner et al., 1994), although the characteristic lignin peak at 
55 ppm (methoxyl groups) did not appear to be present in spectra of the isolated C4 
fractions. 
Since cutan has an operational definition, it is difficult to assess whether or not 
the isolated C4 fractions are cutan-like in nature or merely cuticle residues and products 
remaining from an incomplete extraction procedure. Most of the literature on cutan has 
centered on cuticles that are comprised of a high percentage of cutan, such as the leaves 
of Clivia miniata and Agave americana (Villena et al., 1999; McKinney et al., 1996; and 
Deshmukh et al., 2005). The 13C NMR spectra provided by these researchers illustrate 
cutan with dominant methylene carbons peaks and weak peaks in the aromatic region. 
The only spectral data available from a cuticle with high cutin and low cutan content are 
from pepper cutan, presented by Chefetz (2003). Our pepper isolated cuticular fractions 
correlated very well to those described in Chefetz’s study, and as such, we contend that 
the PC4 fraction is cutan-like in nature. The weaker methylene carbon peaks in the AC4 
and OC4 fraction make its assessment more ambiguous. 
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A classical work studying the isolation of spruce (Picea sp.) needle cuticles 
demonstrated that the cuticle did not contain cutan, despite the presence of weak NMR 
methylene carbon peaks in the acid hydrolyzed fraction (Kogel-Knabner et al., 1994). 
Similar to the C3 spectra in this study, methylene carbon peaks were not present after the 
saponification of the spruce needle cuticles. The authors of that study determined that the 
reappearance of these peaks after acid hydrolysis indicated that they were most likely 
representative of residual cutin acids, not cutan, but this may not be true in the apple fruit 
and olive leaf cuticles. Compared to the spectral changes through isolation of cuticles 
with high cutan content, the loss of the methylene carbon peak after saponification may 
appear to indicate that cutan is not present in the cuticles. But, Chefetz (2003) 
demonstrated that in cuticles with high cutin and low cutan content, a loss of methylene 
carbon peaks after saponification followed by a relative increase in aliphatic peaks after 
hydrolysis indicates the presence of a low percentage of cutan in the cuticle. KSgel- 
Knabner et al. (1994) determined that the non-saponiflable, non-hydrolyzable residue of 
the spruce cuticle needles was comprised of lignin and cutin residues. The apple fruit and 
olive leaf cutan-like residue in the current study does not appear to have a strong 
signature lignin NMR peak at 55 ppm (Figures 3-4B and 3-5B); therefore, this 
explanation of the spectra of acid hydrolyzed cuticles may not accurately fit our spectral 
data. 
The dominant peaks in the apple cuticular wax spectrum ACW were almost all in 
the paraffinic region and include 16 ppm (terminal methyl), 29 and 32 ppm (amorphous 
and condensed methylene, respectively), 39 ppm (methylenes in free fatty acids), 48 ppm 
(methines in carboxylic acids/esters), and 56 ppm (methines in epoxide groups). The 
paraffinic carbon in the ACW was 80% of the bulk cuticle, whereas the aromatic carbon 
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comprised 5% of the fraction, confirming the FTIR analysis. Other strong peaks were 
located at 78 (methines attached to ester-linked mid chain hydroxyls), 125 and 138 ppm 
(olefinic and/or aromatic carbon) (Deshmukh et al., 2005 and Lichtfouse et al., 1998). 
The wax content was high enough in the AC1 and OC1 to exhibit some of these peaks. 
Conclusion 
In general, all the cuticular fractions isolated from the tomato fruit, pepper fruit 
and apple fruit and olive leaf were highly aliphatic. More than 60% of the mass of the of 
the tomato and pepper fruit bulk cuticles and more than 50% of the mass of the olive leaf 
bulk cuticle were comprised of the aliphatic biopolymer cutin. The apple cutin content is 
slightly lower than the other two fruits due to its high wax content. The presence of cutan 
in pepper cuticles, which was known from previous studies, was confirmed and 
determined to be ~6% of the bulk cuticle. This amount is much lower than previously 
studied cuticles containing cutan, which were closer to 50-60% cutan. The low content 
may explain why the methylene carbon peaks were diminutive in the PC3 cuticular 
fraction NMR spectrum, yet demonstrated a relative increase after the saponification and 
removal of the polysaccharides. 
The presence or absence of cutan in apple fruit and olive leaf cuticles was more 
ambiguous. The FTIR and NMR spectra for AC3 and OC3 appeared much like the PC3, 
but the AC4 and OC4 spectra were slightly different from the PC4. The apple fruit and 
olive leaf non-hydrolyzable cuticles produced spectra with weaker methylene carbon 
peaks and stronger peaks in the aromatic region than the pepper fruit. One possible 
explanation is that similar to tomato, the apple fruit and olive leaf cuticles contain only 
cutin, and the residual peaks, including aliphatic signature in the AC4 and OC4, are from 
the incomplete removal of cutin monomers during saponification. But, based on the 
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operational definition of cutan and on the presence of polymethylene carbon peaks in the 
NMR C4 spectra, we have concluded that the apple fruit and olive leaf cuticles may 
contain a cutan-like residue. 
The deviation of the AC4 and OC4 fractions from the PC4 fraction may be due to 
low cutan content in the cuticle, variation in spectral characteristics from the highly 
aliphatic cutan studied in the literature, and the presence of residue from incomplete 
saponification. The cutan of apple fruit and olive leaf cuticles comprise a very small 
portion of the total cuticle, and may have prevented it from exhibiting the characteristic 
spectra exhibited by published samples comprised of a high percentage of cutan. Unlike 
the cutan characterizations that have been published in the literature thus far, the apple 
fruit and olive leaf cutan exhibit strong peaks in the aromatic regions and have a weaker 
methylene carbon signature. The presence of a stronger aromatic component in the apple 
fruit and olive leaf cutan may simply be a structural characteristic of the cutan from these 
species of plants. Due to their low cutan yield, any incomplete removal of cuticular 
materials during the saponification would have a more dominant presence in the apple 
fruit and olive leaf cutan spectra than if there was a large cutan yield. In this experiment, 
the FTIR and NMR spectra have illustrated peaks that indicate the presence of residual 
saponifiable materials that were not properly extracted. These peaks may act to overrun 
the AC4 and OC4 spectra, preventing a clear picture of the cutan structures. Therefore, 
using the operational definition of cutan, and the arguments posed above, it is these 
authors’ opinion that apple fruit and olive leaf cuticles may contain cutan-like materials. 
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Table 3-1. Percent yield, elemental analysis3, and atomic ratios of isolated cuticles. 
Sample Cuticle 
Fraction 
Yield13'0 
% wt 
C% H % 
\ 
N % H/C (Od+N)/C 
Tomato Bulk TCI 100.0 63.67 9.31 1.19 1.76 0.26 
Fruit Dewaxed TC2 89.1 ±1.9 62.90 9.21 1.29 1.76 0.28 
Pepper Bulk PCI 100.0 62.98 9.34 1.26 1.78 0.32 
Fruit Dewaxed PC2 93.6 ±1.2 62.27 9.31 1.44 1.79 0.36 
Saponified PC3 24.7 ±2.5 41.16 6.16 3.28 1.80 0.77 
Hydrolyzed PC4 6.4 ±0.2 64.67 1.37 1.37 1.33 0.24 
Apple Bulk AC1 100.0 67.24 9.79 0.73 1.75 0.25 
Fruit Dewaxed AC2 55.0 ±0.2 61.54 9.03 1.03 1.76 0.35 
Saponified AC3 12.2 ±1.3 39.55 5.49 2.24 1.67 0.87 
Hydrolyzed AC4 2.9 ±0.1 57.72 4.93 1.57 1.02 0.46 
Cuticle wax ACW 41.9 ±3.2 77.19 11.36 0.02 1.77 0.11 
Olive Bulk 0C1 100.0 67.40 9.62 0.34 1.71 0.26 
Leaf Dewaxed OC2 73.8 60.73 8.80 0.42 1.74 0.38 
Saponified 0C3 21.7 40.08 5.42 1.18 1.62 1.02 
Hydrolyzed 0C4 2.46 59.34 4.66 0.69 0.94 0.46 
3 The ash content for all cuticular isolations was negligible (0.5%) 
b The yields of the isolations of each sample were calculated to the percentage content of 
their respective bulk cuticles. 
c Standard deviation for yield values of the olive leaf cuticular fractions were <5%. 
d Oxygen content was calculated by the mass difference. 
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Table 3-2. Integration of CPMAS lJC NMR spectra3 for fruit cuticular isolations. 
Sample15 
0-50 
Distribution percent of C chemical shift, ppm 
50- 61- 96- 109- 145- 163- 
61 96 109 145 163 190 
190- 
220 
Aliphatic 
C% 
Aromatic 
C% 
Paraffinic 
C% 
Tomato TCI 49.2 4.4 20.1 5.5 7.5 4.0 7.2 2.2 87 13 49 
Fruit TC2 49.4 4.9 20.4 5.5 6.9 4.0 7.4 1.7 88 12 49 
Pepper PCI 45.6 4.3 25.2 5.5 6.8 2.8 10.4 2.4 89 11 46 
Fruit PC2 42.3 5.0 27.7 5.3 6.0 2.3 9.9 1.6 91 9 42 
PC3 14.3 4.5 45.4 10.9 6.6 6.6 2.8 2.1 89 11 14 
PC4 31.2 3.9 7.7 3.7 5.5 10.9 10.4 6.6 56 44 31 
Apple AC1 55.5 5.2 15.3 3.2 8.9 2.4 7.0 2.6 88 12 56 
Fruit AC2 37.5 4.7 28.6 6.5 7.7 3.7 8.6 2.7 87 13 38 
AC3 12.1 4.5 43.3 11.2 8.9 4.2 12.5 3.4 85 16 12 
AC4 18.8 4.5 10.9 8.7 30.0 13.8 8.0 5.3 50 52 19 
ACW 80.0 8.0 4.8 0.0 4.8 0.0 1.6 0.8 95 5 80 
Olive OC1 73.0 3.8 13.0 1.4 3.0 1.4 3.8 0.30 95 5 73 
Leaf OC2 41.5 3.9 38.0 7.5 2.6 1.0 5.0 0.0 96 4 42 
OC3 8.3 4.3 65.4 14.7 2.0 0.7 4.6 0.0 97 3 8.3 
OC4 26.8 4.3 14.5 7.4 21.5 13.3 6.5 5.7 60 40 27 
a Aliphatic C: Aliphatic C region (0-109ppm) divided by aliphatic and aromatic regions (0- 
163ppm); Aromatic C: aromatic C region (109-163ppm) divided by aliphatic and aromatic 
regions (0-163ppm); Paraffinic C: paraffinic C region (0-50ppm) divided by aliphatic and 
aromatic regions (0-163ppm). 
b Isolation symbol Cl represents the bulk cuticle, C2 represents the dewaxed cuticle, C3 
represents the saponified cuticle, C4 represents the acid hydrolyzed cuticle. The letters 
preceding these symbols, T, P, A and O, represent tomato fruit, pepper fruit, apple fruit and olive 
leaf, respectively. 
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Figure 3-1. Structures for cutin (A) and cutan (B), as suggested by Sachleben et al., 
2004. 
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Figure 3-2. ATR-FTIR [A, left side] and Solid State CPMAS bC NMR [B, right side] 
spectra of the tomato fruit bulk cuticle (TCI) and dewaxed cuticle (TC2). 
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Figure 3-3. ATR-FTIR [A, left side] and Solid State CPMAS 13C NMR [B, right side] 
spectra of the pepper bulk cuticle (PCI), dewaxed cuticle (PC2), non-saponified cuticle 
(PC3), and non-hydrolyzable cuticle (PC4). 
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Figure 3-4. ATR-FTIR [A, left side] and Solid State CPMAS l3C NMR [B, right side] 
spectra of the apple fruit bulk cuticle (AC1), dewaxed cuticle (AC2), non-saponified 
cuticle (AC3), non-hydrolyzable cuticle (AC4), and cuticular wax (ACW). 
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Figure 3-5. FTIR [A, left side] and Solid State CPMAS 13C NMR [B, right side] spectra 
of the olive leaf bulk cuticle (OC1), dewaxed cuticle (OC2), non-saponified cuticle 
(OC3), and non-hydrolyzable cuticle (OC4). 
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CHAPTER 4 
DECOMPOSITION OF THE ALIPHATIC MOIETIES IN TOMATO, PEPPER 
AND APPLE FRUIT CUTICLES 
Abstract 
Cuticular materials from decomposing plants are one of the primary sources of 
aliphatic moieties in soil organic matter. Past work using litterbags or soil profile 
assessment to analyze changes in organic material structure through decomposition has 
focused on whole organic material. This research has left a void in understanding the 
role that plant cuticular materials play in the overall structure of organic material during 
humification. The current study assessed the early decompositional changes in fruit skin 
cuticular materials, thus permitting an assessment of the contribution of various fractions 
of the cuticle, including cutin and cutan, to the humified cuticular component of soil 
organic material. In this study, the cuticles of tomatoes, peppers, or apples were packed 
into nylon litterbags with 1-mm holes, placed into bins of soil in a greenhouse, and 
allowed to decompose for 38 weeks. Throughout the course of the study, litterbags were 
removed to monitor the effects of decomposition on the cuticular material. After each 
litterbag harvest, four or five cuticular fractions were isolated from the remaining 
undegraded cuticle: bulk cuticle (Cl), cuticular wax (CW) (apple only), dewaxed cuticle 
(C2), saponified cuticle (C3) and acid-hydrolyzed cuticle (C4). These cuticular fractions 
were characterized using I3C Solid State NMR, ATR-FTIR, and elemental analysis. 13C 
NMR and ATR-FTIR results confirmed that cutan persists in the soil environment and 
that its signature spectra are relatively unchanged throughout the decomposition period. 
Although a relative increase in cutan content occurred during decomposition, there was a 
decrease in cutin content in the apple and pepper fruit cuticles. Unlike in experiments 
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where the decomposition of whole (unaltered) organic material was studied, the alkyl 
carbon content decreased, the O-alkyl carbon content increased, and the aromatic carbon 
content increased in the isolated fractions of the three fruits during decomposition. Based 
on elemental analysis and NMR data, the polarity varied by isolated fraction, but 
generally increased with decomposition, whereas the aliphaticity decreased with 
decomposition. The results of this experiment indicated that cuticle materials, in general, 
may not contribute to the decrease in O-alkyl carbon and aromatic carbon demonstrated 
by whole organic material experiments, but that cutan from plant cuticles does persist 
through early decomposition and, as such, may contribute to the aliphatic nature of SOM. 
Introduction 
The plant cuticle is a membrane of predominantly lipid composition covering the 
above ground portion of higher plants and functioning as a waterproof, protective barrier, 
shielding the more easily decomposed internal plant tissues (Kolattukudy, 2002). The 
structure and chemical composition of cuticular material vary by plant but can usually be 
characterized by two classes of hydrophobic hydrocarbons, soluble wax and insoluble 
aliphatic cutin (Jeffree, 1996). Cutin is the structural component of the plant cuticle and 
is attached to the outside of the epidermal wall in the aerial parts of angiosperms and 
gymnosperms. Cuticular wax is a complex mixture of long-chain hydrocarbons that 
function to prevent desiccation of the plant and act as a barrier to water diffusion. The 
primary role of cutin is to serve as the polymer matrix binding the wax in the cuticle. 
The high molecular weight polymer structure of cutin consists of cross-linked, 16 or 18 C 
chain, hydoxyl-fatty acids and hydroxyepoxy-fatty acids that can be depolymerized and 
solubilized upon saponification (Jeffree, 1996). 
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Many species of plants also have a recently identified third class of hydrophobic 
hydrocarbon, cutan (Tegelaar et al., 1989). Cutan is operationally defined as the residual 
cuticular material that is non-saponifiable and non-hydrolyzable. It is comprised of an 
amorphous, three-dimensional network linked by ether bonds containing double bonds 
and free carboxylic groups (Villena et ah, 1999 and Sachleben et ah, 2004). Some plant 
cuticles contain cutin, but do not appear to have cutan (e.g., tomato, Lycopersicon 
esculentum Mill.), and others have cutan but not cutin (e.g., table beet, Beta vulgaris L.), 
whereas many species are comprised of varying ratios of cutin and cutan that differ in 
abundance based on plant maturity and location in the plant (e.g., century plant, Agave 
americana L.) (Tegelaar et ah, 1991; Villena et ah, 1999). The plant cuticle components 
cutin and cutan have demonstrated selective preservation during decomposition, with 
little or no alteration (Almendros et ah, 1996; Lichtfouse et ah, 1998; and Nierop, 1998); 
especially cutan, which is often identified in fossilized cuticles (Tegelaar et ah, 1991; 
Gupta, 2004; Almendros et ah, 2005). Cuticular membranes from decomposing plants 
are one of the primary sources of aliphatic moieties present in soil organic materials 
(Zech et ah, 1997; Chefetz et ah, 2002; Kogel-Knabner et ah, 1992b). 
Humic substances are formed during the microbial decomposition of above and 
below ground plant residues, as well as microbial residues (Kogel-Knabner et ah, 1992). 
Classical studies have indicated that selective preservation and accumulation of aromatic 
biomacromolecules in soil organic material are important in humus formation 
(Stevenson, 1982), but more recent work using C NMR has demonstrated that aliphatic 
moieties are also a source of stable structures in SOM and thus contribute to the 
formation of humic substances (Kogel-Knabner and Hatcher, 1989; Preston, 1996; 
Almendros et ah, 2000; Kogel-Knabner and Hatcher, 1989; Chefetz et ah, 2002a; 
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Simpson and Johnson, 2006). The humic acid and humin fraction of SOM are often 
reported to be rich in aliphatic carbons. Our recent 13C NMR work indicated that total 
aliphaticity of humic acid and humin samples from soils in Western Massachusetts can be 
-60% and -70%, respectively, or higher (Ding et al., 2001; Kang et al., 2003). Using Py- 
GC/MS and TMAH-thermochemolysis, Chefetz et al. (2002a) determined that humic 
acids contain large portions of cuticular material in their structure. Non-hydrolyzable, 
highly aliphatic organic components (similar to cuticular cutan) comprise a significant 
fraction of humin in soils (Augris et al., 1998; Rice, 2001). 
Transformations in plant and microbial components of organic material with 
depth through an unaltered soil profile have been used to assess the effects of 
decomposition on humic material structure and content (Zech et al., 1990; Baidock et al., 
1992; Zech et al., 1997). In such studies, it is assumed that the chemical and physical 
natures of the residues deposited on the soil surface have not changed substantially as the 
litter horizons formed (Baidock et al., 1997). In general, studies monitoring structural 
changes with depth in the profile (i.e. with greater decomposition) demonstrated: an 
increase in alkyl C, indicative of in-situ production of microbial biomass and/or inputs of 
persistent plant derived alkyl substances; a decrease in O-alkyl C, indicative of the 
preferential decomposition of carbohydrates; no change or a slight initial increase in 
aromatic C; and an increase in carbonyl carbon with depth (Zech et al., 1987; Baidock 
and Preston, 1995; Zech et al., 1992; Baidock et al., 1992; Zech et al., 1990). With the 
exception of wood, a consistent pattern exists in the literature of an increase in alkyl C 
and a decrease in O-alkyl carbon with natural organic material decomposition. Baidock 
et al. (1997) suggested the use of the alkyl C to O-alkyl C (A/O-A ratio) content as a 
sensitive ratio to assess decomposition. Kogel-Knabner et al. (1992) indicated a slight 
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increase in alkyl carbon content in the organic material with profile depth but determined 
that the contribution of cutin to the alkyl carbon signal intensity decreased with 
decomposition, indicating that cutin was likely not the source of the increase in alkyl 
carbon with soil depth. 
Similar results were yielded from experiments using decomposition of various 
natural organic materials in litterbags as a method to monitor structural changes during 
decomposition. The published experiments primarily involved the decomposition 
gymnosperm needles in 2 to 7 year studies (Kogel-Knabner et al., 1992a; Zech et al., 
1987; and Berg, 1990). The predominant difference in the results of these litterbag 
experiments, as compared to those monitoring structural changes in the organic material 
in soil horizon with depth, is that the former studies generally exhibited an increase in 
aromatic C content through decomposition. Almendros et al. (2000) monitored the 
structural changes in decomposing compost of the whole leaves of various plant species 
and determined that the general changes in structure that occurred in the published 
litterbag and soil profile organic material studies were not necessarily true of the 
decomposition of all plant species. Changes in chemical structure through decomposition 
are dependent on the plant species and the type of decomposer (Almendros et al., 2000). 
The process of decomposition and humification can be studied by assessing the 
structural changes observed in decomposing plant materials over a period of time. Past 
works using litterbags or soil profile assessment to analyze changes in organic material 
structure as decomposition and humification progress have focused on whole organic 
material. The influence of the plant cuticle component in this whole organic material has 
been largely estimated. Although the contribution of plant cuticle materials to the 
aliphatic portion of SOM is generally accepted, changes that occur in cuticles during 
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early decomposition and humification have yet to be assessed. This lack of attention has 
left a void in understanding role plant cuticle materials have on changes in the overall 
structure of whole organic material during humification. This study is an analysis of the 
changes in biomass, elemental content, and chemical structure of isolated fruit skin 
cuticular fractions during the early portion (38 weeks) of the decomposition and 
humification process. The objectives of the experiment were (i) to determine if structural 
changes in different fractions of the cuticle during decomposition indicate selective 
preservation or removal of some plant compounds compared to others and (ii) to evaluate 
the implications for cuticle derived materials as the aliphatic component in humus and 
other soil organic material. 
Materials and Methods 
Cuticle Fruits 
Cuticular materials were isolated and purified from the fruits of tomato 
(Lycopersicon esculentum Mill.), pepper (Capsicum anuum L.) and apple (Maluspumila 
Mill. ‘McIntosh’). These fruits were chosen because they represent fruits typically grown 
in the northeastern United States and they have large, thick cuticles that are easily 
isolated from the remaining fruit materials. Thin cuticles tend to fragment when isolated 
(Holloway 1994) and have a low cutin yield, making them less appealing to work with 
than thick cuticles. The fruits were purchased from the produce section of a local grocery 
store, and are not considered USDA organic. 
Decomposition Experiment. Tomato, pepper, and apple fruit skins were isolated (by the 
methods described below), and dried in an oven at 70°C. Once dry, 4.8 g, 16 g, and 18 g 
of tomato, pepper, and apple skins, respectively, were placed into 15-cm-by-6-cm bags 
constructed from 1-mm polyamide nylon mesh (Sefar America, Kansas City). The bags 
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were buried 10-cm deep and 15-cm apart in 30-cm-deep plastic bins, which had twenty 
0.6-cm diameter holes drilled in to the bottom to allow water to flow through. The bins 
were filled with a Hadley silt loam (mesic, typic distrudept) collected from the University 
of Massachusetts Research Facility, South Deerfield, MA. Pertinent soil properties are 
listed in Table 4-1. Bins were maintained in a temperature-controlled greenhouse (~23 
°C year round) and watered weekly. Soil moisture content fluctuated between 19.27 
±1.96% (24 h after watering) and 17.78 ±0.23% (prior to watering, 7-days later). 
Throughout the decomposition period (38 weeks), litterbags were removed and 
the cuticular material was analyzed. Tomato litterbags were removed after 6, 16, 26, and 
38 weeks, pepper litterbags were removed after 6, 16, 26, and 38 weeks, and apple 
litterbags were removed, after 1, 2, 4, 16 and 38 weeks. Only the analyses of the fresh 
fruit samples, and those removed at 16 and 38 weeks, are presented in this chapter. The 
remaining data are presented in the appendices. After each litterbag harvest, the fruit skin 
was removed from the bag and washed extensively in deionized water to remove any 
residual soil. The skins were then dried and weighed to calculate weight loss through the 
decomposition. Decomposed cuticular fractions were isolated in the same procedure 
used for fresh cuticular fractions (as described below). 
Isolation of Plant Cuticular Fractions. To isolate the skin of the fresh tomato, the fruit 
was blanched in boiling water for 20 seconds and submerged in ice water. The loosened 
skins were removed by hand (Luque et al., 1994). The fresh pepper and apple fruit skins 
were manually peeled off and boiled in water for one hour, after which, any remaining 
pulp was removed manually. 
Aliphatic cuticular materials were isolated from fresh or decomposed isolated 
fruit skins using a modified extraction-depolymerization procedure as described by 
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Kogel-Knabner et al. (1994). In brief, once the skins were removed from the fruit, they 
were incubated in a solution of ammonium oxalate (16 £/L) and oxalic acid (4 g/L) at 90 
°C for 24 hours, and extensively washed with distilled water to remove any residual 
pectinaceous material. The resulting material is the bulk cuticle fraction (Cl). Cuticular 
waxes (CW) were extracted from the bulk cuticle by refluxing it in chloroform:methanol 
(1:1 v/v) at 60 °C for 24 hours in a soxhlet extractor to yield dewaxed cuticle (C2). The 
apple wax extract was isolated from the chloroform : methanol solvent using a Buchi R- 
200 Rotovaper (Flawil, Switzerland). Pepper and tomato bulk cuticles did not contain 
enough wax to permit this isolation. To depolymerize the cutin polymer, the esterified 
secondary hydroxyl groups creating the branching and cross linkages in the polymer were 
saponified. The dewaxed cuticle fraction was saponified in 1% KOH in methanol for 3 h 
at 70 °C, under refluxing conditions, producing the non-saponifiable cuticle fraction 
(C3). Carbohydrates were removed from this fraction by acid hydrolysis using 6M HC1, 
and refluxing for 6 hours at 90 °C, resulting in the non-hydrolyzable cuticle fraction (C4). 
All samples were freeze-dried, ground, and sieved (0.18mm) before analysis. 
As indicated above, the cuticle fractions isolated are referred to as C1 (bulk 
cuticle), C2 (dewaxed cuticle), C3 (non-saponifiable cuticle), C4 (non-hydrolyzable 
cuticle) and CW (cuticle wax). Each of these labels is preceded with a(n) T, P or A, 
when referencing a fraction isolated specifically from tomato, pepper, and apple fruit 
cuticle, respectively. The litterbag harvest times are designated by TO through T5 before 
the symbol used for the cuticle fraction. 
Characterization of the Cuticular Fractions. Elemental analysis for C, H, and N 
content was determined for each cuticular fraction using a Vario ELIII elemental analyzer 
(Elementar, Germany) (Xing et al., 2005). Randomly chosen fruit cuticle samples were 
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run in triplicate, and standard deviations were generally <0.6%. Ash content was 
measured by heating the samples to 800 °C for 4 hours. Oxygen content was calculated 
by the mass difference. H/C and (0+N)/C atomic ratios were calculated and are 
presented in Table 4-2. FTIR spectroscopy of the fruit cuticular fractions was performed 
using a Perkin-Elmer Spectrum One Spectrometer with a Perkin-Elmer Universal 
Attenuated Total Reflectance (ATR) Sampling Accessory (Wellesley, MA) (Kang and 
Xing, 2005). Two- gram samples were analyzed between 4000 and 650 cm'1 at a 
resolution of 4 cm'1, and 200 scans were collected per sample. No sample preparation or 
baseline correction was required. 
Solid-state cross-polarization magic angle spinning Carbon-13 Nuclear Magnetic 
Resonance (CP-MAS 13C NMR) spectra were obtained with a Bruker DSX-300 
1 T 
spectrometer (Karlsruhe, Germany) operated at the C frequency of 75 MHz. The 
acquisition parameters were: contact time, 2 ms; acquisition delay, 4 s; spinning speed, 5 
kHz; pulse 5 jis; and number of scans, 2000-5000. The spectra were divided into the 
following chemical shift regions: paraffinic carbons (0-50 ppm); alcohols, amines, 
carbohydrates, ethers, methoxyl, and acetal carbons (50-109 ppm); aromatic and phenolic 
carbons (110-163 ppm); carboxyl carbons (163-190 ppm); and carbonyl carbons (190- 
220 ppm) (Kang et al., 2003). The 0-109 ppm region of the spectra represents the 
aliphatic carbon content, and the 109-163 ppm region represents the aromatic carbon 
content. Total aliphaticity was determined by expressing aliphatic carbon content as a 
percentage of the aliphatic plus aromatic carbon content, and total aromaticity was 
calculated by expressing aromatic carbon content as a percentage of the aromatic and 
aliphatic carbon content. 
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Results and Discussion 
General Analytical Characteristics 
Decomposition experiments were performed on the fruit skins of tomato, pepper, 
and apple to monitor the effect of degradation on the structural characterization of plant 
cuticular materials. Over the course of the decomposition periods, the three fruit skins 
exhibited an abrupt decrease in weight, particularly in the first 4 to 6 weeks of the 
experiment, indicating a large amount of decomposition (Figure 4-1). The pepper fruit 
skin decomposed at the greatest rate with only 12.4% of the initial mass remaining at the 
first harvest (6 weeks). By the end of the 38-week decomposition period, only 3.6% of 
the original pepper skin mass remained. The tomato skin also decomposed quickly at 
first, but did not lose as much mass as the pepper (22.1% remaining after 6 weeks). 
Similar to the pepper skin, the mass loss rate slowed through the 38-week harvest (only a 
2.3% weight loss between 16 and 38 weeks, with 14.0% remaining after 38 weeks). 
The apple fruit skin decomposition experiment began approximately six months 
after the tomato and pepper experiments, allowing for an assessment of the first 26 weeks 
of data from the other fruits. To better monitor the skin decomposition at the beginning 
of the apple decomposition period, samples were harvested earlier and more frequently 
than with the tomato and pepper. After only 1 week, 55.5% of the apple skin had 
decomposed, and the mass of the sample removed at 4 weeks exhibited a similar rate of 
loss to the tomato skins (31.4% remaining). This similarity between the tomato and apple 
decomposition rates continued through the 38-week decomposition period. At 38-weeks, 
16.8% of the original apple skin mass remained. 
Table 4-2 and Figure 4-2 display the relative yields of the isolated cuticular 
fractions of each fruit, as calculated to the percentage content of the bulk cuticle of each 
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fruit (Cl). The cutin monomer content (the saponifiable fraction, estimated as mass loss 
between C2 and C3) of all three fruit cuticles decreased significantly in the first 16 weeks 
of decomposition from 62.4, 67.9 and 42.8% to 55.9, 22.4, 33.1% for the tomato, pepper, 
and apple, respectively. Although the pepper fruit cutin decomposition rate mimicked 
that of its skin, the tomato and apple cutin demonstrated a slower rate of decomposition 
than their respective skins. At the end of the 38-week decomposition period, the cutin 
contents were 43.8, 19.3 and 29.2% for the tomato, pepper and apple respectively. The 
slower cutin decomposition exhibited by the tomato cuticle may have been due to the 
manner in which the skin was isolated from the fruit. During skin isolation from the 
pepper and apple fruits, a peeler was used to remove the skins, and a significant amount 
of pectin from under the cuticle was also extracted and used in the decomposition 
experiment. Whereas during the tomato skin isolation, the tomatoes were blanched, and 
the skins generally slid off the fruit with little pectinaceous material attached. It is likely 
that the pectin on the pepper and apple skins was more inviting to the macro- and 
microbiotic decomposers in the soil, which caused a concentrated microbial biomass in 
the pepper and apple litter bags. Once the pectin had been decomposed, these 
decomposers began to degrade the less appealing skin components. Since the tomato 
fruit contained less pectin byproduct on its skin, it is possible that fewer microbes 
concentrated in the tomato litter bags, causing a slower rate of cuticle decomposition and 
leading to what appears as only a small change in relative cutin content compared to the 
pepper and apple skins. 
The slower decomposition in the apple cuticles may have been due to their large 
wax content protecting the cutin from decomposition. Through the decomposition, the 
relative apple cuticular wax content decreased from 42 to 30%. This decrease is 
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approximately the same rate of relative decomposition as the cutin, indicating a potential 
connection. All of the fruits used in the study were grown and harvested in a traditional 
manner (not organic); therefore there may have been residual pesticides on the fruit skins. 
It is possible the apple skins had a larger amount of pesticide residue than the pepper, 
preventing the natural decomposition cutin by soil microbes excreting cutinase. 
Similar to our experiment, cutin decomposition rates vary in the literature. Using 
NMR and pyrolysis-gas chromatography to assess the structural changes of Norway 
Spruce (Picea abies Karst) litter with depth in a soil profile demonstrated that the rate of 
decomposition of cutin acids, as obtained using BF3-methanol treatment, exhibited a 
slight delay in the first year, followed by a rate of decomposition comparable to the 
whole litter organic material (Kogel-Knaber et al., 1992a). Conversely, Riederer et al. 
(1993) determined that during the first 100 days of an in vitro decomposition experiment 
using european beech (Fagus sylvatica) litter, the amount of cutin decreased more rapidly 
than the whole organic material, while during the remaining incubation period, it 
decomposed less rapidly. The results of these two experiments, combined with the 
current study, indicate that decomposition rates of whole litter material or plant cuticular 
fractions vary by species. Due to the comparatively low preservation potential of lipids 
and cutin in the soil, their unaltered form is not likely responsible for the relative 
enrichment of aliphatic moieties in soil. 
Although the skin and cutin contents of the three fruits decreased in relative mass 
throughout the 38-week decomposition period, the non-saponifiable, non-hydrolyzable, 
cutan-like cuticular fraction in the pepper and apple exhibited a significant increase in 
content early in the experiment, from 6.4 to 10.3% (in 6 weeks) and 2.9 to 12.5% (in 4 
weeks) of the total mass, respectively. After this initial increase, the cutan-like fraction 
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content for both fruit cuticles remained relatively steady throughout the most of the 
decomposition, until the final harvest where the PC4 and AC4 content exhibited a 
significant increase since the 16-week harvest to 20.2%, and 16.7%, respectively. These 
results confirm work presented in other studies. For example, using NMR to assess 
decompositional patterns of forest and shrub compost, Almendros et al. (2000) 
demonstrated an accumulation of recalcitrant, non-hydrolyzable alkyl and aromatic 
structures through decomposition, similar to the cutan-like material in the current study. 
Riederer and Schonherr (1988) studied the ontogenetic development of cutin on bush lilly 
(Clivia miniata) leaves and determined that the non-ester fraction (one of the first names 
given to cutan) increased with time. In the current study, the relative increase in C4 
content is indicative of the cutan-like fraction’s resistance to degradation. 
The general elemental analysis trends were similar among the isolated fractions of 
the three fruits. The organic carbon content for the Cl, C2, and C4 (apple and pepper) 
fractions isolated decreased from approximately 60 to 65% to approximately 45 to 50%. 
The percent carbon in the PC3 fraction decreased slightly from 41.2% to 37.2%, and the 
AC3 fraction remained at approximately 38 to 39% carbon throughout the decomposition 
period (Table 4-3). The ACW fraction also remained stable with approximately 76 to 
77% carbon. The aliphaticity, as measured by the H/C ratio, exhibited no change or a 
general decrease in all cuticular fractions except the C4 fraction, in which the H/C ratio 
increased over the decomposition period. Despite decreasing aliphaticity throughout 
most of the experiment, the H/C ratio values for tomato and pepper fractions began to 
rebound slightly by the final harvest. Polarity, as measured by the O+N/C ratio, 
demonstrated a general increase in all fruit fractions through decomposition. Almendros 
et al. (2000) reported that O/C and H/C atomic ratios generally decreased or remained 
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unchanged during a 168-day decomposition study of 12 different whole leaf composts. 
Although the results from the whole-leaf composting experiment were generally in line 
with the spectroscopic data presented in other whole-litter decomposition papers, the 
decrease in the O/C polarity index is contrary to the results of the current study. This 
research may suggest that the cuticular material in the soil does not cause the decrease in 
polarity of whole litter and organic material, whereas the presence of cuticular materials 
does appear to influence the decrease in H/C ratio in the whole litter and organic material 
studies. Overall, the elemental analysis data in the current experiment indicated that all 
of the cuticular fractions were high in organic carbon and primarily aliphatic in 
composition and that the carbon content and aliphatic nature appear to decrease with 
decomposition, in almost all the fractions isolated. The spectroscopic characterization for 
each fraction, as described below, confirmed the elemental analysis results. 
Spectroscopic Changes Through Decomposition 
FTIR Spectral Patterns. Figures 4-3A through 4-9A illustrate the ATR-FTIR spectra 
for the isolated tomato, pepper, and apple cuticular fractions throughout their 
decomposition periods. Infrared spectra obtained for the bulk and dewaxed cuticle 
fractions isolated from all three fruits demonstrate similar decomposition-induced 
transformations. The Cl and C2 spectra for all three fruits are dominated by bands that 
can be attributed to the fatty acids and esters comprising the cutin polymer, including: 
sharp bands at 2931 and 2850 cm"1 (asymmetric and symmetric stretching vibrations on 
the methylene group); bands at 1473, 1313, 1462 and 723 cm'1 (methyl group bending 
vibrations); a strong band at 1731 cm'1 and its shoulder at 1700 cm'1 (carbon-oxygen 
stretching vibration of the carbonyl bond in the ester); and narrow bands at 1163 and 
1100 cm'1 (asymmetric and symmetric carbon-oxygen-carbon stretching vibrations of the 
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ester bond) (Figures 4-3A and 4-4A). A broad band at -3300 cm'1 is assigned to the 
stretching vibration of the hydrogen-bonded hydroxyl functional group. Peaks associated 
with carbon-oxygen stretching in polysaccharides in the bulk and dewaxed cuticle are 
identified at 1247, 1063, and 1030 cm'1. As decomposition progressed, three of the 
spectral peaks associated with cutin polymer ester groups (1731, 1163 and 1100 cm'1) 
decreased in prominence. This change occurred concurrently with an increase in the 
projection of the bands at 1635 cm'1 (ionized carboxyl groups or C=C bonds of aromatic 
rings and olefins), and 1030 cm'1. In traditional, whole organic material decomposition 
studies, the band at 1030 cm'1 decreased through decomposition, indicative of a decrease 
in polysaccharide content (Zech et al., 1990). The assessment by Zech et al. (1990) is in 
agreement with the work by Almendros et al. (2000), which reported a decrease in the 
polarity index (O/C atomic ratio) of whole leaf compost during decomposition. The 
increase in 1635 and 1030 cm'1 bands in the current study appeared to suggest a decrease 
in the esters, which act to bond the cutin monomers, and a relative increase in the 
polysaccharide content. This change is in agreement with the cutin monomer yield, 
which decreased in all three fruits during decomposition. The increase at 1635 cm'1 is 
also confirmed the more intense carboxyl signals in the NMR spectra (Zech et al., 1990). 
Saponification of the C2 fraction deesterified the cutin polymer resulting in the 
removal of cutin from the remaining cuticular material. In the C3 fraction, the bands 
associated with cutin (specifically, 1731, 1163 and 1100 cm*1) were no longer prominent, 
and the spectrum was characterized by a broad peak around 1030 cm'1, and 1635 cm'1, 
both associated with bonds in cuticular polysaccharides (Figures 4-5A and 4-6A). As 
decomposition proceeded, the only apparent change to the spectra was an increase in 
prominence of the the band at 1635 cm'1, especially in the PC3. Otherwise, there were 
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very few changes to the C3 spectra. The slight increase in the C3 fraction’s polarity, as 
indicated by the elemental analysis, supports the increased prominence of polysaccharide 
ionized carboxyl groups (1635 cm'1). 
The final isolation involved the acid hydrolysis of the pepper and apple fruit C3 
fraction, which yielded a non-saponifiable, non-hydrolyzable, cutan-like material (C4). 
The infrared spectra of this fraction contained peaks that may be associated with residual 
saponifiable material (2931, 1850, and 1700, and 1163 cm'1), possibly due to partial 
molecular shielding by polysaccharides, present in a higher degree of crystallinity, 
protecting the cutin structure from the treatment (Villena et al., 2000) (Figures 4-7A and 
4-8A). Other dominant bands included 1515 cm'1, associated with the double-bonded 
carbon stretching vibration in the aromatic ring, 1600 cm'1, indicating the presence of 
phenolics, and 830 cm'1, corresponding to carbon-hydrogen and carbon-carbon out of 
plane bending vibration in the aromatic ring. There was no visible change in the band 
heights at these wavenumbers through the decomposition period. These results were in 
agreement with the yield data and may indicate that the structure of cutan-like C4 fraction 
was not altered during the decomposition experiment. 
The cuticular wax (ACW) removed from the bulk apple cuticle was isolated from 
the organic solvent and analyzed. The dominant peaks in the ACW spectrum were 
indicative of the aliphatic nature of cuticular wax: 2931 and 2850 cm*1, representing the 
vibrations of the methylene groups; and 1731 cm'1, associated with the carbon-oxygen 
double-bond stretching in the carbonyl group of the aliphatic wax ester (Veraverbeke et 
al., 2005) (Figure 4-9A). The presence of these peaks confirmed the elemental analysis 
data, which indicated a high aliphaticity and low polarity. Other bands present in the 
ACW fraction included 1462 (methyl group scissoring), 1030, and 997 cm'1 (carbon- 
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oxygen and hydrogen-oxygen deformations in primary and secondary alcohols, 
respectively). Similar to the elemental analysis, no changes were observed in the FTIR 
spectra throughout decomposition. The wax analyzed in the apple cuticle was likely a 
combination of epicuticular waxes and those added during fruit processing. 
13C NMR Spectral Patterns. The results for the solid-state 13C NMR spectra for the 
isolated cuticular fractions are presented in Figures 4-3B through 4-9B and Table 4-4. 
NMR spectra obtained for the bulk and dewaxed cuticle fractions of all three fruits 
revealed similar modifications throughout the decomposition (Figures 4-3B and 4-4B). 
At Time 0, a peak at 29 ppm (methylene C) dominated the Cl and C2 spectra, suggesting 
a highly aliphatic nature. Once the free lipids were removed (Figure 4-4B), these peaks 
were assigned to the paraffinic carbon in the fatty acids of the biopolymer cutin (Kogel- 
Knabner et al., 1994). Integration of the NMR spectra (Table 4-4) confirmed the high 
aliphatic carbon content (-90% for all three fruits) in these two fractions. The paraffinic 
carbon content of the Cl and C2 fractions was also high, ranging between 35 and 55% of 
the total carbon. The remaining peaks on the spectra included 64 ppm, 72 ppm (O-alkyl 
carbon in carbohydrates), 105 ppm (anomeric carbon of polysaccharides), 130 ppm (C- 
substituted aromatic carbons), and 172 ppm (carboxyl/amide carbons). 
Throughout the decomposition, the spectra of the tomato bulk (Figure 4-3 B) and 
dewaxed cuticles demonstrated very little change. NMR integration data indicated only a 
slight increase in the carboxyl carbon region and a decrease in aliphatic and paraffinic 
(alkyl) carbon. In contrast, the pepper and apple fruit bulk and dewaxed cuticles NMR 
spectra (Figures 4-4B and 4-5B) did exhibit changes through decomposition. The most 
prominent changes included an increase in the carboxyl C peak at 172 ppm, an increase 
in carbohydrates at 64 ppm, and an increase in polysaccharides at 105 ppm. Other 
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changes included an increase in aromatics at 130 ppm, and an increase in the crystalline 
\ 
methylene peak at 32 ppm. Similar to the TCI and TC2, NMR integration data for the 
pepper and apple fruits' C1 and C2 fractions indicated a decrease in both aliphatic and 
paraffinic carbon through the decomposition. It should be noted that despite the decrease 
in aliphaticity, after 38-weeks of decomposing, the aliphatic carbon content of tomato, 
pepper, and apple bulk cuticles remained relatively high, with values of 83.3, 78.1, and 
79.9%, respectively (Table 4-4). 
The increase in the specific peaks of the O-alkyl carbon and decrease in alkyl 
carbon are contrary to the published results of whole compost and organic material in the 
literature, which demonstrated a substantial decrease in O-alkyl carbon and an increase in 
alkyl carbon during decomposition. The decrease in alkyl carbon is to be expected in 
fruit bulk cuticle, because the content of the bulk cuticle undergoing decomposition is 
primarily plant lipid and cutin, and therefore comprised predominantly of alkyl carbon 
moieties. Relative yield data have indicated that lipids and cutin contents decreased 
through the decomposition. A decrease in cutin content through decomposition also has 
been established in the literature (Kogel-Knabner et al., 1992). The decrease in alkyl C in 
the current study confirmed that an increase in alkyl C observed in whole compost and 
litter decomposition studies may not be due to an increase in cuticular cutin content, as 
some studies indicated. The decrease in O-alkyl carbon in traditional decomposition 
experiments (i.e., litterbag or changes in profile depth) has been attributed to the 
preferential mineralization of polysaccharides. The increase in polysaccharide content in 
the current study, as indicated by an increase in polysaccharide peaks in the O-alkyl 
carbon region and (0+N)/C atomic ratio, may be due to microbial residues, specifically 
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fungi, which have been demonstrated to contain more polysaccharide materials than 
bacteria (Baldock et al., 1990). 
In traditional whole organic material decomposition experiments, there have been 
no definitive trends established for the relative decomposition rate of aromatic carbon. 
The initial increase in aromatic carbon described in some studies was not always well 
pronounced, and in other forest profile studies, a slight decrease has even been 
documented (Zech et al., 1987; Baldock and Preston, 1995; Zech et al., 1992; Baldock et 
al., 1992; Zech et al., 1990). One possible reason is that during early decomposition of 
bulk plant litter, aromatic carbon from lignin structures initially accumulate, whereas 
carbohydrates, cellulose and hemicellulose are decomposed. These lignin structures later 
decreased in relative abundance with further decomposition (Baldock et al., 1997). In the 
current study, aromatic carbon content of the bulk and dewaxed cuticle fractions 
increased through decomposition. This increase indicated that the preservation of 
aromatic carbon during early decomposition in cuticular materials may contribute to the 
increase in aromatic carbon demonstrated in some whole litter and compost 
decomposition studies. 
An additional change in the bulk and dewaxed cuticles of all three fruit skins 
during decomposition includes a relative increase in the carboxyl peak at 172 ppm. 
Results using conventional ljC NMR to analyze soil bacteria and fungi demonstrated that 
both of these microorganisms synthesized organic materials containing carboxyl carbon, 
and, as such, a resonance at 172 ppm was a prominent spectral peak for each microbe 
(Baldock et al., 1990). This result may suggest that the increase in carboxyl carbon over 
the 38-week period is due to the accumulation of microbial residues in the litterbags. 
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Saponification of the pepper and apple dewaxed cuticles led to the absence of the 
NMR spectral peaks associated with the cutin monomers, such as the methylene C peak 
at 29 ppm (Figure 4-5B). The C3 spectra were dominated by carbohydrate-type (O-alkyl) 
carbon. Peaks in the polysaccharide carbon region were identified at 64, 72, 74, 82 and 
105 ppm, confirming the ATR-FTIR and elemental analysis results, which indicated high 
polysaccharide content and high polarity (O+N/C ratio), respectively. Like the dewaxed 
cuticle, throughout the decomposition, the pepper and apple saponified cuticle fraction 
increased in carboxyl carbon content, likely due to microbial residues, and a slight 
increase in the aromatic carbon peak (130 ppm). The relative height of the 
polysaccharide peaks (identified previously) decreased and broadened slightly through 
decomposition, and the integration of the peaks in the O-alkyl carbon region decreased by 
30 and 14% for the PC3 and the AC3, respectively. This result may suggest that although 
the bulk and dewaxed cuticles demonstrated an increase in the polysaccharide content, 
this increase was relative to decreases in the remaining portions of the spectra and that at 
least a portion of the polysaccharides present in the Time 0 materials were preferentially 
consumed during decomposition. The pepper saponified cuticular fraction spectra 
demonstrated a relative increase in the paraffinic carbon region at 26 and 29 ppm 
(methylene C) throughout the decomposition period. This increase was apparent in the 
NMR paraffinic region integration, which increased over 10% for the pepper over the 38 
weeks. Kogel-Knabner et al. (1992b) suggested that humification in forest soils leads to 
the loss of mobile carbon moieties either through selective degradation or an increase in 
cross-linking. Cross-linking of the cutin would cause it to become more condensed and 
perhaps less susceptible to removal from the cuticle during the saponification process, 
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thus increasing the amount of paraffinic carbon remaining in the C3 fraction. This trend 
was not present in the apple saponified cuticle. 
To isolate the cutan-like fraction (C4) of the pepper and apple cuticle, the 
saponified fraction was acid hydrolyzed, removing the polysaccharides. Based on the 
operational definition of cutan by Nip et al. (1986) and Tegelaar et al. (1989), this 
residual fraction is cutan. The C4 fraction NMR spectra of the pepper and apple cuticles 
differed slightly from each other. The PC4 fraction spectrum was similar to those 
described in the literature (Chefetz, 2003) and contained 31% paraffinic carbon with 
dominant peaks at 29 and 32 ppm. Chefetz (2003) determined that dominant methylene 
carbon peaks in the in the non-saponifiable, non-hydrolyzable fraction confirmed the 
presence of cutan in the cuticle. Although the AC4 was similar to the PC4 fraction in its 
aliphaticity (59 and 50% aliphatic carbon for the PC4 and AC4, respectively), the AC4 
was comprised of only 19% paraffinic carbon, and methylene carbon peaks were weak. 
The aromatic regions of the Time 0 C4 fractions of both fruits, especially AC4, exhibited 
peaks centered in the vicinity of 151, 145, 130, and 110 ppm, which are characteristic of 
O-aryl, C-substituted, and protonated carbon in the aromatic rings of the lignin structures 
(Almendros et al., 2000; Kogel-Knaber et al. 1994) although, the Time 0 C4 fraction of 
neither fruit demonstrated a strong peak at 55 ppm (methoxyl C), the characteristic lignin 
peak. 
The 38-week decomposition period did not greatly alter the spectrum of the PC4 
fraction, suggestive of the resistance of cutan to humification (Figure 4-7B). The percent 
aliphatic and paraffinic carbon remained the same throughout the decomposition period. 
Similar to the bulk, dewaxed and saponified pepper cuticular fractions, peaks centered 
around 130 and 172 ppm became more prominent through the decomposition period. 
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The AC4 decomposition exhibited a slight decrease in paraffinic carbon, but the majority 
of this decrease occurred within the first weeks of decomposition and may have involved 
the degradation of residual cutin acids. The peaks in the aromatic region of the AC4 
spectra did not vary greatly (Figure 4-8B). 
The dominant peaks in the apple cuticular wax spectrum (ACW) are almost all in 
the paraffinic region and include the 16 ppm (terminal methyls), 29 and 32 ppm 
(amorphous and crystalline methylene, respectively), 39 ppm (methylenes in free fatty 
acids), and 48 ppm (methines in carboxylic acids/esters). Other strong peaks were 
located at 78 ppm (methines attached to ester-linked mid chain hydroxyls), 125 and 138 
ppm (olefinic and aromatic carbon) (Deshmunkh et al., 2005; Lichtfouse et ah, 1998). 
Similar to the C4 fraction, the spectra illustrated little change through the experiment, 
which may indicate little change in the wax structure during decomposition. 
Conclusion 
This study assessed the early decompositional changes in fruit skin cuticular 
materials, and the contribution of various isolated cuticular fractions (including cutin and 
cutan), to the humified cuticular material component of SOM. The results indicated that 
although alkyl carbon content reported for whole organic material may increase through 
decomposition, it is unlikely that the cuticular lipid or cutin is contributing to the 
increase, as had been previously suggested, because these fractions exhibited a marked 
decrease in prevalence through decomposition. It is more likely that cutan, which 
demonstrated a relative increase through decomposition, is the component of the cuticle 
that contributes to the increase in the alkyl carbon content of whole organic material. 
The decrease observed in O-alkyl carbon in whole organic material 
decomposition experiments is not apparent in the decomposition of cuticular materials. 
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Although this preferential decomposition of polysaccharides by microbes was occurring, 
as revealed in the reduction of O-alkyl carbon in the C3 cuticular fraction, relative to the 
remaining carbon moieties, a relative increase is exhibited. Carbohydrates from 
microbial residues in the cuticular material also may augment this increase. Microbial 
residues also appeared to cause an increase in the carboxyl carbon in all the isolated 
cuticular fractions during decomposition. Although microbial analysis was outside the 
scope of this study, it seems clear that microbial residues also may have had an effect on 
each of the resultant cuticular fractions thoughout decomposition. 
In general, the decomposition rates of fruit skins, cutin and cutan appear to vary 
greatly by species. After 38-weeks of decomposition, the biomass of the the tomato, 
pepper, and apple decreased by over 80%, but their isolated bulk cuticles were still -80% 
aliphatic. Although cutin content in the three fruit cuticles decreased, aliphatic cutan 
persisted through decomposition and demonstrated a relative increase in abundance in the 
cuticle. The high aliphaticity of the residual cuticular materials indicated that after early 
decomposition, plant cuticles will likely become a stable aliphatic structure in soil 
organic material, contributing to the formation of humic substances. 
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Table 4-1. Selected properties of soil used in decomposition experiment 
Property Results Analytical Method Reference 
Texture silt loam Particle Size Analysis Gee and Bauder, 1986 
pH 5.60 ±0.04 McLean, 1986 
Percent 
organic 
material 
3.54 ±0.18% Loss on Ignition Soil and Plant Analysis 
Council, 1992 
Field capacity 18.31 
±0.42% 
5 Bar Pressure Plate 
Extractor (Soil Moisture 
Equipment Company, 
Santa Barbara, CA) 
Cassell and Nielson, 
1986 
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Table 4-2. Percent yield of the isolations of tomato, pepper and apple cuticles throughout 
each fruit’s decomposition period. 
Fruit Isolation 0 wks 
Percent Yield3 
16 wks 38 wks 
Tomato TCI 
TC2 
TC2-TC3b 
100 
89.0 ±1.9 ac 
62.4 ±1.5 a 
100 
84.4 ±0.2 b 
55.9 ±1.2 b 
100 
80.2 ±1.1 c 
43.8 ±0.9 c 
**d 
** 
Pepper PCI 100 
o
 
o
 100 
PC2 92.6 ±1.2 a 88.0 ±0.6 b 87.5 ±1.5 b 
** 
PC3 24.7 ±2.5 a 65.6 ±0.2 b 68.2 ±1.2 b 
** 
PC2-PC3 67.9 ±3.7 a 22.4 ±0.8 b 19.3 ±2.7 b ** 
PC4 6.4 ±0.2 a 13.8 ±0.1 b 20.2 ±0.5 c 
** 
Apple AC1 100 100 100 
AC2 55.0 ±0.2 a 68.9 ±1.0 b 67.1 ±1.0 c ** 
AC3 12.2 ±1.3 a 35.8 ±1.4 b 37.9 ±0.2 b ** 
PC2-PC3 42.8 ±1.5 a 33.1 ±2.4 b 29.2 ±1.2 c ** 
AC4 2.9 ±0.1 a 13.5 ±0.0 b 16.7 ±0.4 c 
** 
ACW 41.9 ±3.2 a 32.7 ±1.0 b 30.5 ±2.0 b 
** 
a The yields of the isolations of each fruit were calculated to the percentage content of 
their respective bulk cuticles. 
b Subtracting the saponified cuticle (C3) from the dewaxed cuticle (C2) provides an 
estimate of the cutin monomer content. 
cMeans within a row followed by the same letter are not significantly different according 
to Duncan’s New Multiple Range test (0.05). 
d *, ** Significant at the 0.05 or 0.01 probability level, respectively. 
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Table 4-3. Elemental analysis3, and atomic ratios of isolated fruit cuticles throughout the 
decomposition periods. 
Fruit Isolation Time (wks) C% H % N % H/C (Ob+N)/C Ash %c 
Tomato TCI 0 63.67 9.31 1.19 1.76 0.32 - 
16 65.43 9.30 1.09 1.71 0.28 0.83 
38 63.72 8.78 1.15 1.65 0.31 1.32 
TC2 0 62.90 9.21 1.29 1.76 0.33 -- 
16 62.02 8.70 1.58 1.68 0.32 2.56 
38 60.02 8.00 1.89 1.60 0.37 2.41 
Pepper PC 1 0 62.98 9.34 1.26 1.78 0.31 - 
16 50.82 7.09 5.81 1.67 0.53 6.62 
38 49.03 7.04 5.47 1.72 0.59 6.36 
PC2 0 62.27 9.31 1.44 1.79 0.34 -- 
16 49.11 6.73 6.37 1.64 0.56 7.95 
38 46.99 6.71 6.07 1.71 0.64 7.32 
PC3 0 41.16 6.16 3.28 1.80 0.77 -- 
16 40.26 5.43 5.93 1.61 0.67 18.85 
38 37.19 5.66 5.59 1.82 0.80 18.12 
PC4 0 64.67 7.19 1.37 1.33 0.24 -- 
16 52.17 5.72 3.33 1.32 0.39 14.60 
38 51.88 597 3.16 1.38 0.44 12.30 
Apple AC 1 0 67.24 9.79 0.73 1.75 0.25 - 
16 62.94 8.75 1.06 1.67 0.32 2.05 
38 63.45 8.45 0.97 1.60 0.32 1.61 
AC2 0 61.54 9.03 1.03 1.76 0.35 — 
16 55.93 7.77 1.60 1.67 0.46 2.02 
38 60.03 7.85 1.14 1.57 0.39 1.28 
AC3 0 39.55 5.49 2.24 1.67 0.87 — 
16 38.41 5.36 2.41 1.67 0.81 15.34 
38 37.37 4.65 2.28 1.32 0.88 14.34 
AC4 0 57.72 4.93 1.57 1.02 0.46 — 
16 52.86 4.88 1.08 1.11 0.58 1.52 
38 56.53 4.39 0.85 0.93 0.51 0.96 
ACW 0 77.19 11.36 0.02 1.77 0.11 — 
16 76.35 10.56 0.18 1.66 0.13 0.10 
38 77.11 10.53 0.06 1.64 0.12 0.12 
Random elemental anlysis samples were run in triplicate. The standard deviation of 
these samples was <0.6% 
b Oxygen content was calculated by the mass difference. 
c The ash content for TO fruit cuticle isolations was negligible (<0.1%) 
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Table 4-4. Integration of CPMAS I3C NMR Spectra3 for fruit cuticular isolations. 
Sample6 
0- 
50 
Distribution of C chemical shift, ppm (%) 
50- 61- 96- 109- 145- 163- 
61 6 109 145 163 190 
190- 
220 
Aliphatic 
C% 
Aromatic 
C% 
Paraffinic 
C% 
TCI 0 49.2 4.4 20.1 5.5 7.5 4.0 7.2 2.2 87.4 12.6 49.2 
16 46.9 3.3 18.3 4.7 8.9 4.2 9.9 3.7 84.8 15.2 46.9 
38 46.5 3.3 17.2 5.2 8.8 5.6 10.2 3.3 83 3 16.7 46.5 
TC2 0 49.4 4.9 20.4 5.5 6.9 4.0 7.4 1.7 88.1 11.9 49.4 
16 41.5 3.7 21.2 5.4 9.5 4.6 10.0 4.1 83.6 16.7 41.5 
38 41.8 4.2 18.8 5.9 9.6 5.4 10.9 3.3 82.4 17.6 41.8 
PCI 0 45.6 4.3 25.2 5.5 6.8 2.8 10.4 2.4 88.9 11.1 45.6 
16 29.6 6.8 20.4 5.3 13.3 5.0 16.9 2.7 77.2 22.8 29.6 
38 32.5 7.1 18.5 4.5 12.7 4.9 17.2 2.6 78.1 21.9 32.5 
PC2 0 42.3 5.0 27.7 5.3 6.0 2.3 9.9 1.6 90.6 -u
 
42.3 
16 31.1 8.1 23.3 4.9 12.4 3.4 16.8 0.0 81.0 19.0 31.1 
38 28.7 7.5 19.0 4.9 13.2 5.5 18.7 2.6 76.3 23.7 28.7 
PC3 0 14.3 4.5 45.4 10.9 6.6 6.6 2.8 2.1 88.9 11.1 14.3 
16 187 7.5 24.5 6.4 14.0 5.0 20.6 3.4 74.9 25.1 18.7 
38 24.7 8.4 21.0 5.4 12.6 4.9 20.5 2.5 77.2 22.8 24.7 
PC4 0 31.2 3.9 7.7 3.7 5.5 10.9 10.4 6.6 56.1 43.9 31.2 
16 32.8 6.9 9.8 3.6 26.6 8.9 9.2 2.3 60.0 40.0 32.8 
38 29.1 5.5 8.4 4.1 28.5 9.6 10.8 4.1 55.3 447 29.1 
AC! 0 55.5 5.2 15.3 3.2 8.9 2.4 7.0 2.6 87.6 12.4 55.5 
16 46.7 5.6 16.3 4.7 11.2 5.1 8.4 1.9 81.8 18.2 46.7 
38 47.5 4.0 14.3 6.4 13.2 5.0 10.0 0.0 79.9 20.1 47.5 
AC2 0 37.5 4.7 28.6 6.5 7.7 3.7 8.6 2.7 87.1 12.9 34.5 
16 27.9 4.7 25.9 8.6 14.2 8.6 9.5 0.6 74.6 25.4 27.9 
38 25.3 4.5 23.6 8.5 14.7 7.7 12.0 3.8 73.4 26.6 25.3 
AC 3 0 12.1 4.5 43.3 11.2 8.9 4.2 12.5 3.4 84.5 15.5 12.1 
16 12.0 4.9 29.6 10 15.5 9.3 15.8 2.8 69.5 30.5 12.0 
38 12.0 5.1 22.2 10.7 16.1 10.8 18.2 4.9 65.0 35.0 12.0 
AC4 0 18.8 4.5 10.9 8.7 30.0 13.8 8.0 5.3 49.5 51.5 18.8 
16 10.9 3.8 9.8 9.2 32.2 20.2 9.2 4.6 39.1 60.9 10.9 
38 13.4 3.8 11.3 10.9 27.9 15.8 10.0 6.9 47.4 52.6 13.4 
ACW 0 80.0 8.0 4.8 0.0 4.8 0.0 1.6 0.8 95.1 4.9 80.0 
16 66.7 6.0 7.3 1.3 8.0 2.0 6.7 2.0 89.1 10.9 66.7 
38 61.1 5.7 7.1 1.1 11.4 1.7 8.3 3.5 85.1 14.9 61.1 
a Aliphatic C: Aliphatic C region (0-109 ppm) divided by aliphatic and aromatic regions (0-163 
ppm); Aromatic C: aromatic C region (109-163 ppm) divided by aliphatic and aromatic regions 
(0-163 ppm). 
b Isolation symbol Cl represents the bulk cuticle, C2 represents the dewaxed cuticle, C3 
represents the saponified cuticle, C4 represents the acid hydrolyzed cuticle. The letters 
preceding these symbols, T, P, and A, represent tomato fruit, pepper fruit, and apple fruit, 
respectively. 
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Figure 4-1. Mass of tomato, pepper, and apple fruit skins as a function of time of 
decomposition in soil. 
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a Percent skin decomposition is relative to 100% at the start of the 38-week experiment. 
b Percent cutin and cutan-like residue is calculated to the percentage content of the bulk 
cuticle content at each harvest, and as such is not directly related to the percent skin 
decomposition, as illustrated. Cutin content was estimated by subtracting the saponified 
cuticle (C3) from the dewaxed cuticle (C2). 
Figure 4-2. Decomposition of skin, cutin and cutan-like residue for the three fruits. 
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Figure 4-3. ATR-FTIR (A, left side) and solid-state 13C NMR (B, right side) spectra of 
the tomato bulk cuticle (TCI) at 0, 16, and 38 weeks of decomposition. 
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Figure 4-4. ATR-FTIR (A, left side) and solid-state 13C NMR (B, right side) spectra of 
the pepper dewaxed cuticle (PC2) at 0, 16, and 38 weeks of decomposition. 
Figure 4-5. ATR-FTIR (A, left side) and solid-state 13C NMR (B, right side) spectra of 
the pepper saponified cuticle (PC3) at 0, 16, and 38 weeks of decomposition. 
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Figure 4-6. ATR-FTIR (A, left side) and solid-state 13C NMR (B, right side) spectra of 
the apple saponified cuticle (AC3) at 0, 16, and 38 weeks of decomposition. 
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Figure 4-7. ATR-FTIR (A, left side) and solid-state 13C NMR (B, right side) spectra of 
the pepper acid hydrolyzed cuticle (PC4) at 0, 16, and 38 weeks of decomposition. 
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Figure 4-8. ATR-FTIR (A, left side) and solid-state 13C NMR (B, right side) spectra of 
the apple acid hydrolyzed cuticle (AC4) at 0, 16, and 38 weeks of decomposition. 
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Figure 4-9. ATR-FTIR (A, left side) and solid-state 13C NMR (B, right side) spectra of 
the apple cuticular wax (ACW) at 0, 16, and 38 weeks of decomposition. 
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CHAPTER 5 
STRUCTURE AND SORPTION COMPARISON BETWEEN FRACTIONATED 
PLANT CUTICLES AND SOIL HUMIC MATERIALS 
Abstract 
Recent studies indicate that the aliphatic components of soil organic matter 
(SOM) play an active role as sorbents of organic compounds in soils. A primary source 
of aliphatic moieties in SOM is the cuticular material derived from plants, including cutin 
and cutan. Due to its high resistance to degradation, cutan is believed to contribute to soil 
humic substances, such as humic acid (HA) and humin (HU). To better understand the 
potential contribution of plant cuticle materials to humic materials in soil, in this study, a 
cuticle fractionation method was applied to soil humic substances in soil. The isolated 
bulk, dewaxed, saponified, and acid-hydrolyzed humic materials fractions were 
1 T 
characterized using solid state C NMR, ATR-FTIR, and elemental analysis. Humic 
material fractions and decomposed cuticle fractions underwent batch sorption 
experiments with phenanthrene. NMR and elemental results confirmed that the bulk, 
dewaxed, and saponified fractions of the HA and HU are highly aliphatic and that the 
acid hydrolyzed fraction (cutan-like residue) has the lowest aliphaticity of the four 
fractions (-50%) isolated. NMR and FTIR spectra of humic materials revealed similar 
peaks to those observed in cuticle materials. Using a bleaching treatment to remove 
aromatics associated with lignin revealed spectra similar to that of isolated cutan, as 
reported in the literature. Phenanthrene behavior in the humic materials demonstrated 
that Koc values of the cuticular materials decreased in the bulk and dewaxed fraction and 
increased in the saponified and acid-hydrolyzed fraction through decomposition. These 
decomposition-induced sorption changes made the sorption potential of the cuticular 
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fractions more comparable to those of the isolated fractions in the HAs and HU. Overall, 
all analyses performed on fractionated HA and HU exhibited similar trends to that of the 
published cuticle data (specifically decomposed cuticles), indicating that the plant 
cuticular material is likely a primary contributor to the aliphatic structure in soil humic 
materials. 
Introduction 
Cuticular materials from decomposing plants are one of the primary sources of 
aliphatic moieties in soil organic material (SOM). Plant cuticle composition is 
characterized primarily by insoluble cutin and soluble cuticular waxes, but due to the 
proximity to the epidermal cell wall, polysaccharides, pectins, and phenolic acids also 
may be present (Villena et al., 2000). Cutin is a polyester structural support for the 
cuticular wax, comprised of ester cross-linked, 16- and 18-carbon hydrolxylated fatty 
acid monomers that can be depolymerized upon saponification (Kolattukudy, 2002; 
Jefree, 1996). Some plant cuticles also contain an insoluble, non-hydrolyzable residue, 
termed cutan (Tegelaar et al., 1989), which is composed of an amorphous three- 
dimensional network linked by ether bonds containing double bonds and free carboxyl 
groups (Villena et al., 1999; Sachleben et al., 2004). 
Although enzymatic methods can be used (Pacchiano et al., 1993), isolation of 
various components in the plant cuticle often is performed using an established 
fractionation procedure. The fractionation, as described by Tegelaar (1989), involves the 
extraction of cuticular waxes using an organic solvent (residue is the dewaxed fraction), 
extraction of cutin monomers through saponification (residue is the saponified fraction), 
and extraction of polysaccharides using acid hydrolysis (residue is the acid hydrolyzed 
fraction). The final, insoluble, nonhydrolyzable residue of this fractionation has been 
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operationally defined as cutan (Tegelaar et al., 1989). Analysis can be performed on the 
isolated fractions to assess the structural and chemical composition of a plant cuticle. 
This method has been used to isolate the bulk, dewaxed, saponified, and acid-hydrolyzed 
(cutan) cuticular residues of numerous plant cuticles, including: spruce needles (Picea 
sp.) (Kogel-Knabner et al., 1994); century plant {Agave Americana b.) and bush lilly 
(Clivia miniata Regel) leaves (Tegelaar et al., 1989; Villena et al., 1999; Deshmukh et al., 
2005); pepper {Capsicum annuum L.) fruit (Chefetz, 2003; Chen et al., 2005); and olive 
{Olea eurpaea L.) leaves and apple {Malus pumila Mill. ‘McIntosh’) fruit (Chapter 3). 
Plant residues, such as those isolated in the cuticle fractionation method, are 
altered during humification via chemical, biological, and physical processes into more 
stable substances (humus) (Chefetz et al., 2002a). Humic substances are formed during 
degradation of above and below ground plant residues and microbial residues (Kogel- 
Knabner et al., 1992; Lichtfouse et al., 1998). The plant cuticular materials cutin and 
cutan have demonstrated a marked resistance to degradation (Almendros et al., 1996; 
Lichtfouse et al., 1998; Nierop, 1998), which is evident in the presence of their signature 
aliphatic structure and chemical composition in the degradation product. This slow 
decomposition has made plant cuticles a primary component of the aliphatic moieties in 
humic acid (HA) and humin (HU). HA and HU extracted from soils in western 
Massachusetts were reported to be rich in aliphatic carbons (-60-70% aliphatic) (Ding et 
al., 2001; Kang et al., 2003). 13C NMR studies assessing HAs extracted from soil, peat 
and compost have indicated a sharp peak at 32 ppm (Chefetz et al., 2002b; Kang and 
Xing, 2005; Simpson et al., 2003), characteristic of the polymethylenic chains in cutin 
and cutan. The removal of aromatics associated with lignin by bleaching the HA, 
revealed NMR spectra that looked nearly identical to those produced by cuticles of 
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spruce needles, and Agave americana leaves (Kogel-Knabner et al., 1994; McKinney et 
al., 1996; Chefetz et al., 2002b). Using TMAH-thermochemolysis to assess HA samples 
from peat and soil yielded saturated, unsaturated, and branched long-chain FAMEs, in 
which Ci6 and Cis (as in cutin) were the most intense peaks (Chefetz et al., 2002a; del 
Rio and Hatcher, 1998). Pyrolysis of HA exhibited a series of alkane and alkene pairs, 
similar to the pyrolysates in Agave americana cutan (McKinney et al., 1996; Chefetz et 
al., 2002b). HU is studied far less often than HA, and therefore the potential contribution 
of cuticular materials to its aliphatic structure is less documented (Rice, 2001). 
Although numerous studies have documented the structural and compositional 
changes of plant materials as they decompose into humic substances (Kogel-Knabner et 
al., 1992; Baldock and Preston, 1995; Zech et al., 1992; Almendros et al., 2000), until 
now, these structural transformations have not been related to decomposition-induced 
changes in sorption behavior. Variations in sorption potential through decomposition 
have been extrapolated only using the differences between young humic acids extracted 
from composts, and older (more degraded) humic acids, extracted from soil (Gunesekara 
et al., 2003; Simpson et al., 2003). These studies have determined that PAH sorption 
affinity increases as humic acids age. Assessing decomposition using materials that 
already are partially degraded may not provide an accurate account of how 
decomposition affects the sorption behavior of degrading soil organic materials. 
Therefore, the objectives of this study were: (i) to employ the cuticular fractionation 
method on sequentially extracted humic acids and humin from an organic soil and 
characterize their structural and compositional variations using elemental analysis, FT1R 
and NMR; (ii) to examine the sorption of phenanthrene to fractionated fresh and 
degraded cuticular fractions and fractionated humic materials; and (iii) to compare the 
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structure, composition and phenanthrene sorption behavior of the fractionated cuticular 
materials to those of the humic materials. 
Materials and Methods 
Isolating Humic Acid and Humin from the soil samples 
An organic sandy loam was collected from a wetland area in Lawrence Swamp in 
Amherst, MA, USA (42°20’N, 72°29’W). The collected soil was air-dried and sifted 
through a 2-mm sieve. Humic acids were extracted sequentially eight times with NaOH, 
using a slightly modified International Humic Substances Society (IHSS) procedure 
(Swift, 1996). Briefly, the isolation of humic acids and humin involved mixing 50 g of 
soil with 500 mL 0.1M NaOH and purging the air with N2 gas. After the mixture was 
agitated at room temperature for 24 hours, the suspension was centrifuged at 3000 g for 
25 minutes. To obtain the first isolate, the supernatant was acidified to a pH of 1.5 using 
6 M HC1 and set aside. The precipitate was removed as HA isolate 1, and the supernatant 
was extracted seven additional times using 0.1M NaOH. For each isolation, the 
supernatant after centrifugation was acidified and precipitated, as described above, until 
eight HA isolates had been removed. HA isolates 1 and 2 and isolates 3 through 8 were 
combined to create HA extract 1 (HA1) and HA extract 2 (HA2), respectively. Each 
extract was centrifuged at 3000 g for 45 minutes, redissolved in 0.1 M NaOH, acidified, 
and centrifuged again. The precipitate HA from each extract was de-ashed with 0.1 M 
HC1 - .3M HF solution, washed with deionized water and freeze-dried. After the eight 
isolations, the remaining soil residue appeared to have two separate layers: dark-brown 
top layer and light-brown bottom layer. The top layer was removed and used as humin 
(HU) (Kang et al., 2003). The HU extract was de-ashed three times with 1.6 M HC1 - 
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2.88 M HF solution, rinsed five times with deionized water, centrifuged, and freeze dried 
(Ran et al., 2002). 
Cuticle Decomposition Experiment 
The details of the cuticle decomposition experiment are presented elsewhere 
(Chapter 4). Briefly, fruit skins of tomato, pepper and apple were isolated and placed 
into 1-mm polyamide nylon mesh (Sefar America, Kansas City) litterbags and buried 10- 
cm deep and 15-cm apart in a 30-cm deep plastic bin filled with a mixture of the A and B 
horizon of a soil collected from the South Deerfield Farm in Deerfield, MA, USA. The 
bins were placed in a temperature-controlled greenhouse (~23 °C year round), watered 
weekly to maintain a field capacity water moisture content, and the fruits skins were 
decomposed for 38 (pepper and apple) or 52 (tomato) weeks. Only the analyses of the 
samples harvested at the end of the experiment are presented in this chapter; the 
remaining data are presented in the appendices. After the decomposition period, the fruit 
skins were removed from the bag and washed in deionized water to remove any root 
material or residual soil. The decomposed cuticular fractions of the fruit skin were 
isolated in the same way as the humic material samples, as described below. 
Fractionation of Humic Materials and Cuticles 
Aliphatic materials were isolated from the humic materials and cuticle samples 
using a modified fractionation procedure described by Kogel-Knabner et al. (1994). In 
brief, once the bulk (untreated) humic acids and humin were isolated from the soil, any 
waxes were extracted by refluxing in chloroform:methanol (1:1 v/v) at 60 °C for 24 hours 
in a soxhlet extractor to yield the dewaxed humic materials. The dewaxed fraction was 
saponified in 1% potassium hydroxide in methanol for 3 hours at 70 °C, under refluxing 
conditions, producing the non-saponifiable fraction. Carbohydrates were removed from 
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the dewaxed fraction by acid hydrolysis using 6M HC1, and refluxing for 6 hours at 90 
°C, resulting in the acid hydrolyzed fraction. The bulk humic acids and humin was also 
treated with NaClC>2 in acetic acid (Wise et al., 1946), producing the bleached fraction. 
All samples were freeze-dried, ground, and sieved (<0.18 mm) before analysis. 
Characterization of the Humic Material and Cuticular Fractions 
Elemental analysis for C, H, and N content was determined for each humic 
material fraction using a Vario ELIII elemental analyzer (Elementar, Germany) (Xing et 
ah, 2005). Randomly chosen humic material samples were run in triplicate. Ash content 
was measured by heating the samples to 800 °C for 4 h. Oxygen content was calculated 
by the mass difference. H/C and (0+N)/C atomic ratios were calculated and presented in 
Table 5-1. FTIR spectra of the humic materials were obtained using a Perkin-Elmer 
Spectrum One Spectrometer with a Perkin-Elmer Universal Attenuated Total Reflectance 
(ATR) Sampling Accessory (Wellesley, MA) (Kang and Xing, 2005). Two- gram 
samples were analyzed between 4000 and 650 cm'1 at a resolution of 4 cm'1, and 200 
scans were collected per sample. No sample preparation or baseline correction was 
required. 
Solid-state cross-polarization magic angle spinning Carbon-13 Nuclear Magnetic 
Resonance (CP-MAS 13C NMR) spectra were obtained with a Bruker DSX-300 
spectrometer (Karlsruhe, Germany) operated at the 13C frequency of 75 MHz. The 
acquisition parameters were: contact time, 1 ms; acquisition delay, 4 s; spinning speed, 5 
kHz; pulse 5 ps; and number of scans, 10,000-12,000 (HA) and 25,000-30,000 (HU) 
(Mao et ah, 2000). The spectra were divided into the following chemical shift regions: 
paraffinic carbons (0-50 ppm), alcohols, amines, carbohydrates, ethers, methoxyl, and 
acetal carbons (50-109 ppm), aromatic and phenolic carbons (110-163 ppm), carboxyl 
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carbons (163-190 ppm), and carbonyl carbons (190-220 ppm). The 0-109 ppm region of 
the spectra represents the aliphatic carbon content, and the 109-163 ppm region 
represents the aromatic carbon content. Total aliphaticity was determined by expressing 
aliphatic carbon content as a percentage of the aliphatic plus aromatic carbon content, and 
total aromaticity was calculated by expressing aromatic carbon content as a percentage of 
the aromatic and aliphatic carbon content. 
Sorption Isotherms 
Ring-UL-14C and unlabeled phenanthrene solutions were purchased from Sigma 
Aldrich Chemical Co (St. Louis, MO) and were used without further purification. 
Phenanthrene is a non-polar organic contaminant commonly encountered in polluted soils 
and sediments and frequently is used in environmental research to study the behavior of 
hydrophobic organic contaminants (HOC) (Chefetz 2003, Kang and Xing, 2005). 
Selected properties of phenanthrene include: formula, C14H10; molecular weight, 178.2 
g/mol; aqueous solubility, 1.15 pg/mL; melting point, 91.5 °C; boiling point, 340 °C; and 
Log Kow (octanol-water partition coefficient), 4.46. 
Sorption isotherms were obtained using a batch equilibrium technique 
(Gunesekara et al., 2003), at room temperature, in 8-mL (for humic materials and 
saponified cuticle) and 15-mL (all other cuticular fractions) vials, with an aluminum-foil 
iiner. The background solution was comprised of 0.01M CaCh in deionized distilled 
water with 200 mg/L NaN3 as a biocide, and adjusted to pH 7. Due to its low water 
solubility, stock phenanthrene solutions were produced at high concentrations in 
methanol before combination with the background solution. To avoid a potential 
cosolvent effect, methanol concentrations were maintained at less than 0.1% of the total 
solution volume. The sorbent masses were chosen to achieve 30 to 80% sorption. 
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Isotherms consisted of 10 concentration points; each point, including the blank, was run 
in duplicate. Initial phenanthrene concentrations ranged between 0.008 and 0.8 ppm. 
The vials were sealed with aluminum foil-lined teflon screw caps and placed in the dark 
on a rotary shaker (150 rpm) for five days. Preliminary tests indicated apparent 
equilibrium of phenanthrene before three days for the cuticular materials and five days 
for the humic materials. The vials were then centrifuged at 3000 g for 25 minutes. A 
1.2-mL aliquot of the removed supernatant was added to 6 mL of Scintiverse cocktail 
(Fisher Scientific, Pittsburgh, PA) and assessed on a scintillation counter (Beckman 
LS6500, Fullerton, CA). Since there is negligible sorption of phenanthrene by the vials, 
minimal headspace, and no biodegradation, the sorbed sorbate was calculated by mass 
difference. Other experimental details were reported elsewhere (Xing and Pignatello, 
1997). 
All sorption data were fitted to the logarithmic form of the Freundlich equation, S 
= Kfx CeN, where S is the solid-phase concentration (mg/kg) and Ce is the liquid-phase 
equilibrium concentration (mg/L). The parameters Kf, representing sorption capacity 
coefficient [(mg/kg)/(mg/L)^] and N, indicating isotherm non-linearity (dimensionless), 
were determined by linear regression of log-transformed data. Slopes of isotherms (Kj) 
in fractions where N indicated non-linearity were calculated at concentrations of 0.5 and 
0.05 fig/mL. 
Results and Discussion 
Characterization of humic materials 
Bulk (untreated) humic acids and humin. Percent yield, elemental analysis and atomic 
ratios of the bulk (untreated) fraction of HA1, HA2, and HU are provided in Table 5-1. 
Ash content in the HA1, HA2, and HU was 2%, 9%, and 40%, respectively. For the two 
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HAs, the carbon contents were -50%, and the HU percept carbon was -34%. Nitrogen 
content decreased with progessive extraction from 3.2% in HA1 to 2.5% in HA2; the HU 
had the lowest percent nitrogen at 0.9%. H/C ratio increased through the extractions 
from 1.4 in HA1 to 1.66 in the HU, whereas the O+N/C ratio was highest in the HA1 
(0.67) and lowest in the HU extract (0.45). These results support those reported in the 
literature (Kang et al., 2003; Li et al., 2003; Heymann et al., 2005; Kang and Xing, 2005) 
and demonstrate that later-extracted humic acids and the humin are more aliphatic and 
less polar (more hydrophobic) in nature than earlier extracted humic acids. 
ATR-FTIR spectra for the bulk humic materials are presented in Figures 5-2A 
through 5-4A. Spectra yielding similar peaks with varying intensities were apparent in 
the three untreated humic materials. The presence of a broad spectral band at -3300 cm'1 
was characteristic of the stretching vibration of hydrogen-bonded hydroxyl functional 
groups. Two strong bands at 2931 and 2850 cm'1 were assigned to the asymmetric and 
symmetric stretching vibrations of the methylene groups, respectively. These bands were 
more distinct in the HA2 and HU, owing to the more aliphatic nature of these extracts, as 
indicated in the elemental analysis. The band present at 1720 cm'1 decreased with 
increased extractions and was assigned to the carbon-oxygen double bond of the carboxyl 
group. Peaks were also identified at 1620 and 1540 cm'1, corresponding to the aromatic 
double-bonded carbon stretching of the phenolic group, and the ring vibration of ortho- 
substituted aromatic compounds, respectively (Francioso et al., 1998). The intensity of 
the peaks at 1620 and 1540 cm'1 decreased with progressive HA extractions and were 
barely visible on the HU spectra, indicating that aromatic carbon content decreased 
through the HA extraction procedure. A broad band was apparent at 1030 cm'1, 
signifying the carbon-oxygen stretching of polysaccharide components. This peak is 
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more prominent in the HA2 than HA1 and dominates the HU bulk fraction spectra. This 
increase confirmed an increase in polarity with increased extractions, as reflected in the 
O+N/C ratio. In addition, the bulk fractions of both humic acids contained a band at 
1220 cm'1, indicative of carbon-oxygen stretching, hydroxyl group deformation of the 
carboxyl group and carbon-oxygen stretching of aryl ethers (Stevenson, 1994). 
Solid-state C NMR spectra and chemical shift integrations for the untreated HAs 
and HU are presented in Figures 5-2B through 5-4B and Table 5-2. The spectra 
illustrated for the bulk humic materials generated similar peaks: 29 and 31 ppm, 
(amorphous [mobile] and crystalline [rigid] methylene carbons, respectively), 55 ppm 
(methoxyl carbon), 72 ppm (O-alkyl carbon in carbohydrates), 130 ppm (C-substituted 
aromatic carbon), 155 ppm (O-substituted aromatic carbon), and 172 ppm (carboxyl 
carbon). These results were similar to those reported in other humic material studies 
(Chefetz et al., 2002a; Mao et al., 2000; Simpson et al., 2006). 
The foremost variation in the HA1, HA2, and HU sample spectra occurred in the 
aliphatic carbon range (0-109 ppm). NMR integration data demonstrated that the HAs 
increased in aliphaticity from HA1 (66%) to HA2 (70%) but denoted a slight decrease in 
the aliphaticity in the bulk HU (65%). Despite the comparative decrease in HU 
aliphaticity, aliphatic peaks at 29 and 31 ppm became stronger and more resolved from 
HA1 to HU. Numerous studies have indicated that these aliphatic components were 
likely derived from the aliphatic biopolymers in plant cuticular materials (Round et al., 
2000). This is discussed in greater detail in the next section. Kang et al. (2003) 
suggested that the hydrophobic and resistant characteristics of these paraffinic carbons 
caused them to be less soluble in aqueous solutions, leading to a greater enrichment of 
aliphatic carbons in later extracted HAs and HU. The splitting of the amorphous and 
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crystalline domains was most pronounced in the HU, wfyere the crystalline domain was 
nearly as intense as the amorphous, suggesting that crystalline aliphatic carbons may be 
more resistant to degradation than amorphous aliphatic carbons (Hu et al., 2000). 
In the aromatic carbon region (109-163 ppm), the peak at 130 ppm became 
broader and less defined from HA1 to HU. In the HAs, this corresponds to the decrease 
in aromaticity from HA1 to HA2. A peak at 172 ppm dominated the carboxyl and 
carbonyl region (163-220 ppm) of the three spectra, although it decreased in intensity 
from HA1 to HU. This decrease corresponded well to a decrease in polarity (O+N/C 
ratio). It has been suggested that the decrease in the peak at 172 ppm may occur either 
because HAs that contain functional groups with a high oxygen content, such as 
carboxylic groups, may be more easily extracted due to their relatively high solubility or 
because the oxygen containing functional groups in HAs are likely to attach to aromatic 
rings, causing the carboxylic groups to be simultaneously extracted out with the 
aromatics (Kang et al., 2003) (Table 5-2). 
The bulk HAs and HU were characterized as highly aliphatic organic materials 
through elemental and spectroscopic analysis. The HA comprised of the later isolates 
was more aliphatic and less polar than the HA composed of the earlier isolates. The HU 
was also highly aliphatic. Overall, the results of the bulk humic material characterization 
exhibited marked similarities to the results of other studies monitoring the transformation 
of HAs (and the residual HU) progressively extracted from soil (Kang et al., 2003; Li et 
al., 2003; Heymann et al., 2005). 
Fractionated Humic Materials. Isolation yields for each fraction of the humic materials 
were calculated to the percentage content of their respective bulk fractions (Table 5-1 and 
Figure 5-1). The dewaxed fraction of the HA1, HA2, and HU comprised 72, 66, and 
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84% of their bulk cuticles, respectively. Although in plant cuticles the extractable lipids 
are comprised primarily of cuticular waxes and lipids, in HA and HU, this extraction may 
also include resins and tannins (Chefetz, 1998). This procedure may account for the 
higher percent extracted in bulk HA and HU than in some bulk cuticles. The difference 
in yield between the dewaxed and saponified fractions is used as an estimate of polymers 
that are held together by ester bonds, such as cutin (Chefetz, 2003). In all three extracts 
studied, this difference was under 5%, suggesting a low saponifiable cutin content in the 
humic materials. Our work on fruit cuticle decomposition (Chapter 4) suggested that 
cutin is degraded easily and thus unlikely to maintain a strong presence in humic 
materials. It is possible that some residual cutin acids may be protected from 
decomposition, but cutan-like material, microbial residues and unextracted lipids also 
may provide more likely sources. After the removal of polysaccharides by acid 
hydrolysis, 34 and 22% of the original bulk HA remained in HA1 and HA2, respectively. 
The HA2 value is similar to that reported for the decomposed pepper and apple cuticles 
(19 and 17%, respectively) as well as those published for the isolated cutan fraction in the 
organic material humin of a forest soil (25%) (Augris et al., 1998). The HU weight was 
reduced to -50% of its original bulk weight after acid hydrolysis. 
The general elemental analysis trends were similar among the isolated fractions of 
the three humic materials (Table 5-1). In the humic acids, the lowest organic carbon 
content was in the saponified fraction, at 41 and 38%, for HA1 and HA2, respectively. 
The dewaxed carbon contents of the HAs were similar to the bulk fraction (-50%), and 
their acid hydrolyzed fraction had even higher organic carbon content at -55%. In the 
HU, the bulk fraction had the highest organic carbon content, but the saponified and acid 
hydrolyzed fractions were both lower (-23%). Similar to cuticular materials, aliphaticity 
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in the humic materials, as measured by H/C ratios, was highest in the bulk fractions (~1.4 
in HA1, and ~1.6 in HA2 and HU) and lowest in the acid hydrolyzed fractions (0.9, 1.1 
and 1.2 for the HA1, HA2, and HU, respectively. Unlike in cuticle materials, H/C ratios 
in all the humic materials decreased between the bulk and dewaxed fractions. This result 
may indicate that unlike the decomposed cuticles, much of the aliphaticity in HA and HU 
is due to lipids in the humic material. All of the fractions exhibited identical trends 
between the humic materials; the H/C ratios were highest in the HU and lowest in the 
HA1. Overall, aliphaticity ratios were slightly lower than those reported for decomposed 
cuticle materials (Chapter 4). 
Polarity values of the humic material fractions, as determined by O+N/C ratio, 
were comparable to those reported for the pepper cuticle. Similar to all of the cuticular 
materials, the saponified humic material fractions had the highest polarity, owing to the 
higher polysaccharide content of this fraction. The polarities of the remaining fractions 
were lower, with the lowest ratios in the acid-hydrolyzed fractions. In general, elemental 
analysis results indicated that the humic material fractions demonstrated a lower H/C 
ratio than reported for the cuticle materials, that the HU fractions were the most aliphatic 
and least polar of the three humic material fractions assessed, and that the H/C and 
O+N/C ratios of these materials followed a similar trend to the cuticle through 
fractionation. All of these elemental analysis results were supported by FTIR and NMR 
data. 
Dewaxing the bulk humic extracts produced few evident changes in the ATR- 
FTIR spectra of the humic materials (Figures 5-2A through 5-4A). The peaks at 2930 
and 2859 cm'1 decreased in intensity with the removal of the extractable aliphatic lipids, 
which is in agreement with the lower H/C ratios after the materials were dewaxed. This 
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decrease was the only apparent change in the dewaxed HU spectrum. The two HA 
spectra demonstrated a relative decrease in the peaks at 1720 and 1220 cm'1 and a relative 
increase in the peak at 1030 cm'1. In the cuticular fractionation method, the 
saponification step was designed to break the ester bonds bridging the cutin monomers 
into a polymer, thus removing the cutin from the residual cuticular material. In the humic 
materials, the relative yield data after saponification indicated little material was removed 
by saponification, suggesting low cutin content. But, small changes in the FTIR spectra 
for the HA extracts reveal that saponification did generate changes to the structure of the 
sample. These changes included an increase in the peak at 1364 cm'1 (ionized carboxyl 
groups), a decrease in the peak at 1720 cm'1 (similar to results reported for the cuticular 
materials), and an increase in the peak at 1615 am'1 (phenolics). These changes resulted 
in an increase in the prominence of the band at 1030 cm'1, indicating a relative increase in 
the polysaccharide content of the humic materials after saponification, which is similar to 
that of the saponified cuticle. The HU spectra illustrated similar changes, but they were 
less apparent than in the HA extracts. 
To isolate the non-saponifiable, non-hydrolyzable, cutan-like fraction of the 
humic materials, the polysaccharides were removed by acid hydrolysis. Hydrolysis of the 
polysaccharide moieties was evident in the decrease in the peak at 1030 cm'1; this 
decrease was most visible in the HA1 and was least apparent in the HU. Two other peaks 
were prominent in the acid hydrolyzed fraction, a peak at 1220 cm'1, which appears in the 
form of a slight shoulder in the HU, and a peak at 1615 cm'1, which may suggest the 
presence of phenolics (lignin) in the acid-hydrolyzed, cutan-like fraction of the humic 
materials. The lack of significant changes in the HU through the fractionation may be 
due to the high ash content, which may prevent the FTIR instrumentation from obtaining 
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a precise assessment of the organic component in the HU. Specific chemical and 
structural changes that take place in the humic materials through this fractionation are 
more detailed in the NMR analysis. 
Similar to the ATR-FTIR spectra, few modifications in structure were apparent in 
the NMR spectra between the bulk and dewaxed humic materials (Figures 5-2B through 
5-4B). Like the bulk fraction, the dewaxed fraction of the humic materials were 
dominated by peaks at 29 and 31 ppm, (methylene carbons), 55 ppm (methoxyl carbon), 
72 ppm (O-alkyl carbon in carbohydrates), 130 ppm (C-substituted aromatic carbon), 155 
ppm (O-substituted aromatic carbon), and 172 ppm (carboxyl carbon). Integrated carbon 
content in the aliphatic region of the dewaxed humic materials remained at ~65 and 70% 
for the HA1 and HA2, respectively, but increased by 7% in the HU to 72%. It is 
interesting to note that this relative increase in HU aliphatic carbon made the HU more 
aliphatic than the HAs in the dewaxed fraction, as the literature had designated for the 
bulk fraction (Kang et al., 2003; Li et al., 2003). After the extractable lipid component 
was removed, the paraffinic carbon content of the HAs decreased by ~7%, and the HU 
paraffinic carbon remained at the bulk fraction level (30%). Lipids extracted from the 
HU by the dewaxing procedure may be less paraffinic in nature than those extracted from 
the HAs. It is more likely that the reduction in yield after soluble lipid extraction is due 
to the loss of fine-textured particles from the mineral component of the HU through the 
soxhlet cone filter during the extraction. 
Despite relative yield data indications of low cutin content (one of the primary 
sources of aliphatic carbon in cuticle materials) in the humic materials, after 
saponification, the methylene carbon peaks at 29 and 30 ppm decreased substantially. 
The resultant spectra look very similar to spectra produced after saponification of fruit 
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cuticular materials after 38-weeks of decomposition (Chapter 4). The greatest decrease 
occurred in the later extracts, HA2 and HU, where the paraffinic carbon content 
decreased by 6 and 9%, respectively. This trend may act to further confirm that cutin¬ 
like residues are present in humic materials, especially in the later extracts of humic acid 
and humin. 
Removal of the polysaccharides from the saponified humic materials via acid 
hydrolysis yielded a residue that was comparable to the non-saponifiable, non- 
hydrolyzable cutan in plant cuticles. Similar to cutan, this fraction yielded the lowest 
aliphatic carbon content of all the fractions isolation at 46, 54 and 55% for the HA1, HA2 
and HU, respectively. The treatment caused a reduction in the polysaccharide peaks at 72 
ppm (O-alkyl carbon in carbohydrates) and 105 ppm (anomeric carbon of 
polysaccharides), as well as a relative decrease in carboxyl carbon content at 172 ppm. 
The reduction in carboxyl carbon due to acid hydrolysis has been documented in other 
HA studies (Chefetz et al., 2002b). The remaining small peaks in the polysaccharide 
region of the spectra were likely lignin side-chains and recalcitrant carbohydrates, which 
include highly crystalline cellulose or polysaccharides fixed to the mineral matrix 
(Chefetz et al., 2002b; Ding et al., 2001; Almendros et al., 1996), which may not be as 
easily removed by saponification. The methyl carbon at 29 ppm was one of the most 
prominent peaks on the spectra and was likely associated with the presence of one or 
more of the following: aliphatic microbial residues, resistant cutin acids and lipids, and 
residual cutan in the humic materials (Lichtfouse, 1998; Zech et al., 1990; Chefetz, 
2003). The other dominant peaks included those often correlated to the presence of 
lignin: aromatic carbon at 130 ppm, phenols at 155 ppm, and methoxyl carbon at 55 ppm. 
Cutan-like residue was isolated from HU in a forest soil yielded a 13C NMR spectrum 
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similar to that of the acid-hydrolyzed HU in the current study (Augris et al., 1998). The 
main difference was that cutan-like residue in the the Augris et al. (1998) study revealed 
a much lower aromatic phenolic carbon content, indicating that its source organic 
material was not likely comprised of very much lignin material. This is consistent with 
the nature of the two source samples (forest soil vs peat), because peats contain more 
lignin-like material than soils (Chefetz et al., 2002b). Lignin peaks are not typical of the 
spectra for the plant cuticular material, cutan. But, it should be noted that peaks in the 
aromatic region of a cutan spectra are not unusual, as cutan has an aromatic (lignin-like) 
component to its structure. 
Overall the percent aliphatic carbon in each fraction isolated was lower in the 
humic materials than decomposed plant cuticles (Chapter 4). The low aliphatic carbon 
content in humic materials does not align well with past work that focused on the 
decomposition of whole organic material samples, which demonstrated an increase in 
aliphaticity through decomposition. These past studies specifically suggested an increase 
in alkyl carbon and a decrease in O-alkyl carbon as decomposition progessed (Baldock et 
al., 1997; Zech et al., 1992; Baldock and Preston, 1995). Interestingly, these results 
relate well to our decomposition study focused on plant cuticular materials, which 
demonstrated an overall decrease in aliphaticity through decomposition (specifically, a 
decrease in alkyl carbon and a slight increase in O-alkyl carbon). These results may 
further confirm that of the materials that comprise whole organic material, plant cuticular 
materials are the component that persists long enough in the environment to develop into 
the primary aliphatic constituent in the humic materials, HA and HU. 
The biggest difference between the fractionated cuticular materials and the 
fractionated humic materials was that the humic materials exhibited substantial, broad 
104 
peaks, representative of iignin content. The presence of these peaks caused difficulty in 
the comparison of non-saponifiable, non-hydrolyzable humic material to cuticular cutan. 
Lignin can be removed from organic material samples by bleaching. 
Bleached Humic Materials. The final isolation involved bleaching the bulk humic 
materials, HA1 and HU. This isolation decreased the weight of the bulk HA1 by 80%, 
and the HU by 25% (Table 5-1). The decrease in the HA1 is comparable to the results of 
similar studies (Chefetz et al., 2002b; Simpson et al., 2003). Once again, the high ash 
content in the HU sample makes it difficult to compare yield changes and percent 
elemental content to the HA1 sample. The elemental data for the bleached HA1 revealed 
a comparable organic carbon content to the acid-hydrolyzed fraction in the HA1 (54%), 
both slightly higher than the bulk fraction. Unlike the bleached HA fraction, the bleached 
HU fraction yielded a higher percent organic carbon than the acid hydrolyzed HU (32%), 
and both had lower percentages than the bulk HA. The H/C ratios for the bleached 
fraction of the HA and HU (1.44 and 1.62, respectively) reflected that bleaching had little 
effect on the aliphaticity of the bulk humic materials. For HA1, the polarity (as 
determined by O+N/C ratio) decreased substantially after bleaching, from 0.67 to 0.48. 
On the contrary, bleaching produced little change for HU (Table 5-1). This result was 
likely due to the low polarity of the bulk (untreated) HU and the influence of high ash 
content overshadowing and minimizing potential small changes in organic material 
polarity. 
ATR-FTIR analysis of the bleached humic materials resulted in spectra very 
similar to the bulk humic materials, with strong methylene carbon peaks at 2930 and 
2850 cm'1 and a dominant peak at 1030 cm'1 (Figures 5-2A and 5-4A). Although little 
variation from the bulk fraction is apparent in the bleached HU spectra, the spectra for the 
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bleached HA revealed a decrease in the intensity of the peak at 1220 cm'1 (carbon-oxygen 
stretching of aryl ethers) compared to the bulk HA fraction, which confirmed the increase 
in aliphaticity after bleaching suggested by the H/C ratios. 
NMR spectra more evidently differentiated the bleached humic materials from the 
bulk fraction (Figure 5-2B through 5-4B). Bleaching resulted in a reduction in the 
aromatic carbon signal at 130 and 155 ppm in the HA and HU samples. The bleached 
HA and HU maintained a small signal from aromatic carbon (16 and 17%, respectively), 
but this residual signal represents a two-fold reduction in aromatic carbon between the 
bleached and bulk fractions. This reduction is similar to the isolation yield results of 
other studies (Gunasekara et al, 2003). The source of the aromatic structures are not 
likely lignins or tannins, as these materials contain a large number of O-substituted 
aromatic carbons, which when oxidized by sodium hypochlorite (the bleaching agent), 
would result in the cleaving of their aromatic rings (Chefetz et al., 2002b; Simpson et al., 
2003). The reduction of the methoxyl carbon peak at 55 ppm, a signature lignin peak, 
further suggested that the bleaching isolation largely removed the lignins from the humic 
materials. The residual aromatic structure in the humic materials that was resistant to 
bleaching was likely condensed aromatics. Other than the decrease in methoxyl carbon, 
there was very little change in the aliphatic region of the NMR spectra of the bleached 
HU. The aliphatic region of the bleached HA spectrum demonstrated an increase in the 
prominence of the methyl carbon peaks at 33 and 29 ppm. Due to the substantial 
decreases in the aromatic carbons in the bleached HA and HU, there was an overall 
relative increase in aliphatic and paraffinic carbon content to ~ 80% and ~ 37%, 
respectively, in both humic materials after bleaching. 
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Bleaching is not an isolation technique typically used to analyze the structural 
components of plant cuticular materials. This lack of use is because the bleaching 
isolation procedure is designed to cleave the aromatic rings of non-condensed aromatic 
structures in organic material, such as those in lignins and tannins; plant cuticular 
materials are not likely to contain these structures. By removing these aromatic 
structures from HA and HU, it is easier to ascertain the potential presence of the 
characteristic peaks for plant cuticular structures (i.e. cutin and cutan). 
Notable similarities were apparent in the 13C NMR spectra of the bleached HA 
and HU and the non-saponifiable, non-hydrolyzable, cutan-like residue in the pepper 
{Capsicum annuum) fruit cuticle (presented in Chapter 4). The pepper cutan-like residue 
and the bleached HA and HU fractions were characterized by a sharp peak at 29 and 32, 
assigned to polymethylenic chains, and a carboxyl carbon peak at 172 ppm. The 
polysaccharide peak at 72 ppm in the humic materials spectra was not present in the 
pepper cutan-like residue spectra because the pepper cuticle was acid hydrolyzed, 
whereas the bleached humic materials were not. Similarities between bleached HA and 
HU and isolated cutan fractions of other plants are also visible, especially in the cutan 
isolated from the leaf cuticles of Agave americana. In one study, cutan from Agave 
americana leaves was determined to be comprised of 91% aliphatic carbon, which is 
similar to the high aliphaticity of the HA and HU bleached fractions in the current study 
(McKinney et al., 1996). One evident difference in the humic material and cutan spectra 
was an intense peak at 172 ppm in the humic materials that was not present in the Agave 
americana cutan. As discussed in Chapter 4, microbes in the soil synthesize organic 
materials containing carboxyl carbon. As such, this peak is likely due to the 
accumulation of microbial residues in the SOM and, hence, in the HA and HU. When the 
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fruit cuticular materials underwent the decomposed experiment, all three fruit cuticles 
displayed an increase in their carboxyl carbon peak through decomposition. It may be 
appropriate to assume that as the Agave americana cuticle decomposes, the carboxyl 
carbon peak in the cutan spectra might also reflect this same increase and thus display a 
NMR spectra nearly identical to the bleached HA and HU isolated in this experiment. 
The highly aliphatic nature of the bleached HA and HU and strong similarities to plant 
cutin and cutan-like materials, as demonstrated by C NMR spectra, may indicate that 
aliphatic plant cuticles that are resistant to degradation are an important part of the humic 
material structure. 
Sorption Behavior of Humic Material and Cuticular Material 
The structure and composition of SOM have been suggested to have a strong 
influence on the sorption behavior of PAHs (Chiou et al., 1998; Ahmad et al., 2001; 
Gunesekara et al., 2003; Salloum et al., 2002). Sorption data of phenanthrene to the 
fractionated fresh (0 weeks) and decomposed (38 weeks for pepper and apple, 52 weeks 
for tomato) cuticles and humic materials fit well to the Freundlich equation; the 
parameters are presented in Tables 3 and 4. Log /f/values for these materials ranged 
from 2.8 (TO AC3) to 4.8 (TO AC2). Due to their different units, as a result of isotherm 
nonlinearity of some isolated fractions, the Kf values cannot be compared between all of 
the isolated cuticle and humic material fractions. Therefore, in order to permit 
comparison, concentration-dependent organic carbon normalized sorption coefficients 
(Koc) values at two equilibrium concentrations (0.05 pg/mL and 0.5 pg/mL) were 
calculated. 
Fruit Cuticular Fractions. In the fresh cuticle fractions, the highest Log Koc values 
were calculated for the bulk and dewaxed fractions of each fruit cuticle (all ~ 4.9), 
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followed by the acid-hydrolyzed, cutan-like residue (4.4 and ~4.5 for the pepper and 
apple, respectively) (Table 5-3 and Figure 5-5)). Saponified fractions had the lowest Log 
Koc (4.0 and 3.3 for the pepper and apple, respectively). As discussed by Chefetz (2003), 
the Log Koc values for the bulk and dewaxed cuticular materials were higher than those 
reported for humic materials, sediments and soils (Log Koc values from 4.1-4.6) (Kang 
and Xing, 2005; Simpson et al., 2003). The Log Koc for the acid-hydrolyzed, cutan-like 
residues for the pepper and apple cuticles did fall into this range. In general, the fresh 
cuticular materials were nearly linear, except the bulk pepper (N= 0.951) and the acid 
hydrolyzed pepper and apple (N= 0.96 and 0.77, respectively). These results bore 
similarities to the results of two earlier studies involving phenanthrene sorption to fresh 
pepper cuticular fractions (Chefetz, 2003; Chen et al., 2005). 
i 
The aliphatic region of the C NMR data for the cutan-like fractions (presented 
in Chapter 4) suggested that this fraction yielded nonlinear isotherms and had a lower 
phenanthrene sorption affinity than the bulk and dewaxed fractions because its aliphatic 
region is composed of crystalline paraffinic domains, as well as amorphous paraffinic 
domains (32 and 29 ppm, respectively). The aliphatic region of the bulk and dewaxed 
fractions are comprised of primarily amorphous paraffinic domains, which is where 
HOCs are more likely to sorb (Chefetz, 2003). Apple cuticular wax sorption was high for 
the same reason; the wax is comprised almost entirely of these paraffinic domains. In a 
study of phenanthrene sorption to pepper cuticular fractions, Chefetz (2003) indicated a 
slight decrease in phenanthrene sorption potential after lipid extraction. He suggested 
that the low contribution by the pepper cuticular lipids to overall phenanthrene sorption 
to the cuticle may be due, in part, to the small proportion of the cuticle that the lipid 
comprises. Although our pepper and tomato cuticles also indicated a decrease in Log Koc 
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after lipid extraction, our apple cuticle sorption data demonstrated an increase in sorption 
affinity after the removal of the lipid component. This result is likely because the apple 
cuticle is comprised of more than 40% cuticular wax. Results such as these were 
examined in a similar study, where the removal of lipids from a soil through solvent 
extraction increased the soil’s capacity for PAH sorption (Kohl and Rice 1999). The 
increase in capacity was attributed to removing the lipids from the competition between 
lipids and PAHs for sorption sites in SOM. 
The decrease in Log Koc exhibited by the pepper and apple cuticle saponified 
fractions is likely due to the high polarity caused by the high polysaccharide content of 
the dewaxed cuticle. Polarity of SOM has been suggested as an even more important 
parameter than structure in regulating sorption of HOCs (Kang and Xing, 2005). 
Decomposition of the fruit skin increased the condensation of the isolated 
cuticular fractions and caused their sorption isotherms become more nonlinear. This 
increase in nonlinearity is attributed to the HOC dual partitioning-adsorption behavior 
exhibited in condensed organic material. Several recent studies have demonstrated that 
condensed SOM portrays nonlinear sorption behavior through adsorption or “hole filling” 
processes (Ran et al., 2002; Xing and Pignatello, 1997). A decrease in the H/C ratio and 
an increase in the NMR aromatic carbon domain (Chapter 4) was evidence of this 
increase in condensation in the cuticular fractions through decomposition. 
The change in phenanthrene sorption affinity through decomposition varied 
between the isolated cuticular fractions; Log Koc generally decreased in the bulk and 
dewaxed fractions, and increased in the saponified and acid hydrolyzed fractions. The 
decrease in the bulk and dewaxed fractions in the fruit cuticles likely is correlated to the 
decrease in paraffinic carbon content, increase in the crystalline aliphatic peak at 32 ppm 
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and an increase in polarity over the decomposition period. The increase in Log Koc in the 
bulk apple cuticle fraction may be due to the preferential removal of soluble lipids 
(cuticular waxes) from the cuticle in early decomposition. This natural lipid removal 
caused a resultant increase in Log Koc due to the removal of the lipid competition for 
sorption sites in the apple bulk cuticle, as described above (Rice et al. 2002). In the 
saponified fruit cuticle fractions, the increase in sorption potential can be attributed to a 
reduction in the polysaccharide component this fraction due to preferential degradation 
by microbes. As discussed in Chapters 3 and 4, the structural character of the acid- 
hydrolyzed fractions of the pepper and apple fruit cuticles varied. Only the pepper fruit 
cuticle demonstrated an increase in Log Koc\ the apple fruit cuticle exhibited no change in 
sorption behavior through decomposition. In the pepper cuticle, the increase in Log Koc 
is likely due to both an increase in paraffinic carbon content and a decrease in polarity 
through decomposition. The sorption potential of the apple cuticular wax decreased 
through the decomposition with a decrease in paraffinic carbon and H/C ratio. Overall, 
changes in phenanthrene sorption to the fruit cuticular fractions through decomposition 
related highly to the changes in polarity and paraffinic carbon content. 
Although few papers have been published on the changes in organic material 
sorption behavior through decomposition, a similar study by Stemler et al. (2006) yielded 
comparable results to our work. Cuticles from tomato fruit (cutin only) and pommelo 
(Citrus maxima Menn.) leaves (cutin and cutan) were incubated in a soil microcosm and 
allowed to decompose for 12 months, over which time the character and sorption 
behavior of the microcosm soil was assessed every three months. Unlike the tomato 
fractions isolated in our experiment, their tomato cuticle microcosm indicated no change 
in linearity and an increase in Log Koc through decomposition. The results from the 
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Pommelo cuticle microcosm were similar to those in our work with an increase in 
v 
nonlinearity and a decrease in Log Koc through decomposition. 
Humic Material Fractions. Among the bulk fractions of the three humic materials 
extracted from the organic soil, Log ICoc increased as follows: HA1 (~4.2) < HA2 (~4.4) 
< HU (~4.6) (Table 5-4 and Figure 5-6). Linearity increased from HA1 (0.942) to HA2 
(1.014), whereas the HU isotherm linearity was lower (0.916). The dewaxed, saponified 
and acid hydrolyzed fractions followed these same Log Koc and linearity trends between 
the humic materials. These results strongly agreed with those from a study by Kang and 
Xing (2005) on the phenanthrene sorption to sequentially extracted soil humic acids and 
humin. In that study, phenanthrene sorption potential ranged from ~4.1 to ~4.6 from the 
first HA extracted through the first HU residue. They suggested that this trend may be 
due to an increase in aliphaticity and decrease in polarity through the sequential 
extraction. Also similar to our work, the linearity increased through the nine HA 
extractions and decreased to a value below that of the first HA extract in the HU (Kang 
and Xing, 2005). Weber et al. (1992) demonstrated that nonlinearity may be used as an 
index of site energy distribution; the smaller the N value, the more heterogeneous the 
sorption site. This result may suggest that earlier extracted HA fractions with smaller N 
values have a more heterogeneous composition than the later extracted HA fractions 
yielding higher N values. Consequently, later extracted HAs (HA2) with relatively 
homogenous, mobile aliphatic carbons, revealed more linear isotherms than the earlier 
extracted ones (HA1). The lower N value exhibited by the HU in the current study likely 
was due to an interaction between SOM and soil mineral surfaces. This action can cause 
the structural configuration of SOM to become more condensed, resulting in a highly 
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nonlinear isotherm, even in an aliphatic-rich HU (Gunesekara and Xing, 2003; Kang and 
Xing, 2005). 
Many aspects of phenanthrene sorption behavior in the fractionated humic 
materials mimicked that of the fractionated decomposed cuticular materials. Once again, 
variations in SOM sorption affinity values appeared to relate to polarity and paraffinic 
carbon content of the sorbents. There was little difference in the Log Koc values of the 
bulk and dewaxed fractions, but the removal of lipids did cause the isotherm to increase 
in nonlinearity. As stated above, the lipid fraction has an amorphous aliphatic structure. 
Extracting this fraction from humic material resulted in an increase in condensed carbon, 
leading to increased nonlinearity. In all three humic materials, the saponified fraction 
yielded the lowest Log Koc (~3.9, —4.1, and ~4.5 for the HA1, HA2 and HU, 
respectively). As in the saponified cuticle, the low values were likely due to the high 
polarity, caused by a large polysaccharide component in the materials. Similar to the 
soluble lipids removed during dewaxing, the structure of cutin is primarily comprised of 
amorphous aliphatic methylene carbon. The removal of this fraction may have acted to 
increase the nonlinearity of the saponified humic. 
Similar to the fresh cuticle materials, the fractions with the highest affinity for 
phenanthrene in the HA1 were the bulk and dewaxed fractions (Log Koc of ~4.2). In the 
more aliphatic HA2 and HU, phenanthrene sorption affinity between the fractions was 
more like the decomposed cuticle materials, where the highest Log Koc was in the acid- 
hydrolyzed fraction (~4.6 and ~5.0, for acid-hydrolyzed HA2 and HU, respectively). 
High Log Koc in this fraction is likely because the polarity was the lowest of the fractions 
isolated (0.41 and 0.44, respectively), and they both yielded a relatively high paraffinic 
carbon content (21% for both). Despite the Log Koc values, the nonlinearity for the acid 
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hydrolyzed isotherms remained low. These results agreed well with similar studies 
where acid hydrolysis increased phenanthrene sorption affinity for HAs extracted from 
composts, peats, or soils (Simpson et al., 2003; Gunesekara et al., 2003). The low N 
values in our acid hydrolyzed fractions were likely because the removal of carbohydrate 
components created a more condensed sorbent and increased nonlinearity (Gunesekara et 
al., 2003). The comparison of the high Log Koc values in bulk and dewaxed fractions of 
the fresh cuticle materials and the HA1 and the acid hydrolyzed fraction in the 
decomposed cuticles and the later extracted humic materials suggested that the cutin and 
cutan-like fractions are present in the humic materials and may influence not only their 
structure, as indicated in the last section, but also their sorption behavior. Further 
evidence of these phenomena was revealed in the cuticular fraction Log Koc trends 
following decomposition. Regardless of whether Log Koc increased (saponified and acid 
hydrolyzed fractions) or decreased (bulk and dewaxed fractions) after decomposition, the 
relative change in each fraction brought the sorption potential closer to that of its 
respective humic material fraction (Tables 3 and 4). 
Bleaching treatment, which removed a significant portion of the aromatic 
components from HAs and HU, increased the phenanthrene sorption of the humic 
materials (Log Koc values of ~4.4 and ~4.6, respectively). Gunesekara et al. (2003) 
suggested that a more expanded sorbent was produced after the removal of aromatic 
moieties, which would explain the high phenanthrene affinity observed in the bleached 
treatment. The Log Koc values for the HA and HU bleached fractions were in a range 
comparable to the decomposed cuticle materials. Also, as with fresh cuticle materials, 
the bleached fractions displayed nearly linear sorption isotherms. If, as some studies 
have suggested, sorption to organic material is based strictly on sample aromaticity, Log 
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Koc values for the bleached fractions should have decreased (Ahmad et al., 2001; Chiou et 
al., 1998). As such, this paper provides further evidence that polarity and aliphatic 
structures play an important role in the sorption behavior exhibited by SOM. 
Conclusion 
Use of the cuticular fractionation method on humic materials provided powerful 
insight into the similarities in the structures and phenanthrene sorption affinity of fruit 
cuticular materials and humic materials extracted from an organic soil. The bulk 
(untreated) fraction of the two humic acids and one humin confirmed that polarity 
decrease with each extraction (i.e. HA1 > HA2 > HU), whereas phenanthrene sorption 
affinity and aliphaticity increased with later extractions. Fractionation of humic materials 
yielded characterization results similar to that of fractionated cuticular materials. 
Elemental and spectoscopic analyses indicated that the saponified fraction had the highest 
polarity, but the bulk fraction had the highest aliphaticity. The cutan-like acid 
hydrolyzed fraction yielded the lowest aliphatic and paraffinic carbon contents. The 
FTIR and NMR spectra assessed for each of these fractions looked similar to the 
respective cuticular fraction, except for a strong aromatic signature (especially in the 
acid-hydrolyzed fraction), associated with lignin. Using a bleaching treatment to remove 
these aromatics revealed highly aliphatic spectra nearly identical to cutan isolated from 
pepper fruit and Agave americana and Clivia miniata leaves, as reported in the literature. 
Phenanthrene behavior in the humic materials demonstrated that Koc values of the 
cuticle materials decreased in the bulk and dewaxed fraction and increased in the 
saponified and acid-hydrolyzed fraction through decomposition. Increases in sorption 
were strongly related to decreases in polarity and increases in aliphaticity, and vice versa. 
Isotherm nonlinearity increased in all the fractions through decomposition, likely due to 
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increase in condensed carbon content. These decomposition-induced sorption changes 
made the sorption affinity and nonlinearity of the cuticular fractions more comparable to 
those of the isolated fractions in the HAs and HU. Based on the results from this 
experiment, plant residues, such as cuticular materials, are likely the predominant source 
of aliphatic structure in humic materials. 
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Table 5-1. Percent yield, elemental analysis3, and atomic ratios of isolated humic 
materials. 
Isolation Yield0 
% wt 
C% H % N % H/C (Oc+N)/C Ash % 
HA1 Bulk 100 49.2 5.75 3.15 1.40 0.67 1.67 
Dewaxed 72.2 ±1.0 49.5 5.15 3.73 1.25 0.66 1.87 
Saponified 68.8 ±1.1 41.0 4.57 3.04 1.34 0.97 2.01 
Hydrolyzed 34.1 ±0.8 56.4 4.35 1.38 0.93 0.52 0.23 
Bleached 20.0 ±0.6 53.5 6.43 3.45 1.44 0.48 6.17 
HA2 Bulk 100 49.9 6.69 2.49 1.61 0.52 9.05 
Dewaxed 65.7 ±0.5 45.9 5.58 3.27 1.46 0.60 12.20 
Saponified 62.7 ±0.2 37.7 4.82 2.99 1.53 0.91 12.00 
Hydrolyzed 22.2 ±0.6 57.1 5.13 1.21 1.08 0.41 7.02 
Humin Bulk 100 34.2 4.73 0.92 1.66 0.45 40.69 
Dewaxed 84.3 ±0.3 30.0 4.04 1.11 1.62 0.49 46.62 
Saponified 79.6 ±0.8 23.6 3.14 1.06 1.59 0.59 54.83 
Hydrolyzed 50.5 ±0.4 22.5 2.24 0.26 1.19 0.44 62.00 
Bleached 72.5 ±0.1 31.9 4.32 0.41 1.62 0.45 44.78 
a Random elemental analysis samples were run in triplicate, with a standard deviation <0.6% 
b The yields of the isolations of each sample were calculated to the percentage content of their 
respective bulk humic acid or humin. 
c Oxygen content was calculated by the mass difference. 
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Table 5-2. Integration of I3C NMR Spectra3 for humic material isolations. 
Distribution percent of C chemical shift, ppm 
0 50 61 96 109 145 163 190 
-50b -61 -96 -109 -145 -163 -190 -220 
Aliphatic 
C% 
Aromat 
C% 
HA1 Bulk 24.1 6.6 17.4 5.7 19.6 8.3 14.8 3.7 65.9 34.1 
Dewaxed 17.5 7.4 20.7 6.4 18.6 8.4 17.4 3.6 65.8 34.2 
Saponified 17.0 6.9 17.2 6.3 22.3 8.7 17.0 3.6 59.7 40.3 
Hydrolyzed 15.6 5.6 10.3 5.8 32.2 12.1 13.0 5.4 45.7 54.3 
Bleached 37.1 5.5 18.2 3.8 9.1 3.3 17.3 5.8 83.9 16.1 
HA2 Bulk 33.8 5.6 15.1 4.3 17.8 6.9 12.6 3.9 70.4 29.6 
Dewaxed 26.7 6.2 18.3 5.0 17.2 7.6 14.9 4.1 69.4 30.6 
Saponified 20.9 6.4 18.9 5.5 17.9 8.1 16.8 5.5 66.6 33.4 
Hydrolyzed 24.0 5.7 9.9 4.8 27.3 10.4 11.0 7.0 54.1 45.9 
HU Bulk 29.2 5.3 14.8 4.7 19.7 9.0 12.2 5.0 65.3 34.7 
Dewaxed 30.0 6.4 20.0 5.9 16.9 7.1 9.3 4.7 72.1 27.9 
Saponified 21.1 6.9 21.8 6.2 18.4 7.8 12.5 5.3 68.2 31.8 
Hydrolyzed 24.8 5.7 11.6 4.4 27.3 10.3 9.1 6.9 55.4 44.6 
Bleached 36.8 5.2 20.0 4.8 9.7 4.2 13.5 5.8 82.8 17.2 
a Aliphatic C: Aliphatic C region (0-109ppm) divided by aliphatic and aromatic regions (0- 
163ppm); Aromatic C: aromatic C region (109-163ppm) divided by aliphatic and aromatic 
regions (0-163ppm); 
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Table 5-3. Freundlich isotherm parameters for the isolated cuticular fractions at the 
initial and final time in the decomposition. 
Sorbent Fraction Time 
(weeks) 
Log k; Log Kj 
Ce= 0.05 Ce= 0.5 
(ug/mL) (pg/mL) 
Tomato TCI 0 4.70 ±0.03 0.992 4.91 4.90 0.991 
52 4.52 ±0.02 0.997 4.74 4.64 0.902 
TC2 0 4.69 ±0.03 0.999 4.93 4.90 0.990 
52 4.54 ±0.03 0.996 4.84 4.80 0.965 
Pepper PCI 0 4.64 ±0.03 0.995 4.92 4.87 0.951 
38 4.16 ±0.03 0.992 4.45 4.46 1.012 
PC2 0 4.67 ±0.04 0.991 4.88 4.87 0.997 
38 4.22 ±0.04 0.990 4.59 4.56 0.97 
PC3 0 3.59 ±0.02 0.995 3.98 3.97 0.991 
38 3.63 ±0.02 0.997 4.18 4.08 0.905 
PC4 0 4.18 ±0.09 0.940 4.41 4.38 0.96 
38 4.31 ±0.04 0.991 4.79 4.64 0.841 
Apple AC1 0 4.62 ±0.05 0.991 4.74 4.78 1.046 
38 4.53 ±0.03 0.998 4.84 4.76 0.917 
AC2 0 4.80 ±0.03 0.995 4.93 4.99 1.063 
38 4.67 ±0.04 0.991 4.91 4.88 0.972 
ACS 0 2.84 ±0.04 0.993 3.30 3.26 0.961 
38 3.06 ±0.02 0.998 3.65 3.53 0.866 
AC4 0 4.10 ±0.04 0.984 4.63 4.41 0.777 
38 4.11 ±0.02 0.998 4.71 4.43 0725 
ACW 0 4.76 ±0.04 0.991 4.73 4.84 1.113 
38 4.30 ±0.05 0.995 4.33 4.34 1.012 
&Kf is the sorption capacity coefficient [(mg/kg)/(mg/L)^]. 
hKoc = (S/Ce)/F0c, where S is the solid phase concentration, Ce is the liquid-phase 
equilibrium concentration and Foc is the fraction of organic carbon, and is calculated at Ce 
= 0.05 and 0.5 pg/mL. 
c N is a. measurement of isotherm nonlinearity. 
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Table 5-4. Freundlich isotherm parameters for the isolated humic materials. 
Sorbent Fraction Log Kf R" 
Ce= 0.05 Ce= 0.5 
(pg/mL) (pg/mL) 
HA1 Bulk 3.80 ±0.03 0.995 4.18 4.12 0.942 
Dewaxed 3.77 ±0.02 0.996 4.24 4.12 0.872 
Saponified 3.40 ±0.02 0.995 4.03 3.84 0.812 
Hydrolyzed 3.80 ±0.03 0.996 4.12 4.06 0.946 
Bleached 4.13 ±0.02 1.000 4.43 4.41 0.980 
HA2 Bulk 4.08 ±0.04 0.990 4.38 4.38 1.014 
Dewaxed 4.07 ±0.04 0.992 4.41 4.21 0.951 
Saponified 3.64 ±0.02 0.995 4.06 4.09 0.904 
Hydrolyzed 4.34 ±0.09 0.992 4.58 4.62 0.867 
Humin Bulk 4.11 ±0.02 0.997 4.69 4.60 0.916 
Dewaxed 4.10 ±0.02 0.997 4.80 4.67 0.866 
Saponified 3.77 ±0.02 0.997 4.64 4.45 0.816 
Hydrolyzed 4.20 ±0.02 0.995 5.07 4.90 0.828 
a is • _ a.1_ 
Bleached 4.09 ±0.02 1.000 4.60 
7“ n \/A 
4.59 0.990 
b Koc = (S/Ce)/Foc, where S is the solid phase concentration, Ce is the liquid-phase 
equilibrium concentration and Foc is the fraction of organic carbon, and is calculated at Ce 
= 0.05 and 0.5 pg/mL. 
c N is a measurement of isotherm nonlinearity. 
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Figure 5-1. Percent of bulk humic material and cuticular material for HA1, HA2, and 
HU; and pepper, apple and tomato, respectively. Cuticular material depicted is post 38- 
week decomposition period. 
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Figure 5-2. ATR-FTIR [A, left side] and solid-state 13C NMR [B, right side] spectra of 
the bulk (HA1-1), dewaxed (HA 1-2), saponified (HA 1-3) acid hydrolyzed (HA 1-4) and 
bleached (HA 1-5) humic acid extract 1. 
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Figure 5-3. ATR-FTIR [A, left side] and solid-state 13C NMR [B, right side] spectra of 
the bulk (HA2-1), dewaxed (FLA2-2), saponified (HA2-3) and acid hydrolyzed (HA2-4) 
humic acid extract 2. 
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Figure 5-4. ATR-FTIR [A, left side] and solid-state 13C NMR [B, right side] spectra of 
the bulk (HU-1), dewaxed (HU-2), saponified (HU-3) acid hydrolyzed (HU-4) and 
bleached (HU-5) humin. 
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Figure 5-5. Logarithmic trends of phenanthrene sorption to isolated fresh (open symbol) 
and decomposed (filled symbol) pepper bulk cuticle (PCI), dewaxed cuticle (PC2), 
saponified cuticle (PC3) and acid hydrolyzed cuticle (PC4). 
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Figure 5-6. Logarithmic trends of phenanthrene sorption to isolated bulk (HA2-1), 
dewaxed (HA2-2), saponified (HA2-3) and acid hydrolyzed (HA2-4) fractions of HA2. 
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CHAPTER 6 
SUMMARY AND SYNTHESIS 
Summary 
Characterization of Plant Cuticular Materials 
One of the primary sources of aliphatic moieties present in humified SOM is the 
outer, protective layer of plants, the plant cuticle. As this study of the tomato fruit, 
pepper fruit, apple fruit, and olive leaf cuticles has confirmed, the structure and chemical 
composition of cuticular material varies by plant, but its two main components are lipids 
and insoluble aliphatic cutin. Cutin is the structural component of the cuticle and acts as 
a polymer matrix binding the wax in the cuticle, allowing it to act as the outer defense of 
the plant. Cutin is relatively resistant to degradation and is comprised of ester-linked, 16- 
and 18-carbon saturated and unsaturated fatty acids. In this work, cutin comprised 65%, 
61%, 42%, and 52% of the bulk cuticle of tomato fruit, pepper fruit, apple fruit and olive 
leaf, respectively. Soluble waxes comprised 11%, 6%, 45%, and 26% of these same 
samples, respectively. The high wax content in the apple fruit was likely due to natural 
waxes and to those added for food preservation and packaging purposes. Cuticular 
membranes of many plants also contain cutan, operationally defined as the residual 
cuticular material that is non-saponifiable and non-hydrolyzable. Structurally, it varies 
between plant species but is generally comprised of an amorphous three-dimensional 
network that is linked by ether bonds containing double bonds and free carboxylic 
groups. Cutan-like residue contents in the pepper fruit, apple fruit, and olive leaf were 
6%, 3%, and 2%, respectively. As tomato fruit has a cutan-free cuticle, cutan was not 
isolated from this sample. 
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Although structural and compositional analyses have been performed previously 
on tomato and pepper fruits, knowledge of plant cuticles harvested from apple fruit and 
olive leaves is limited. Elemental analyses of all four plant cuticles demonstrated similar 
results. Bulk, dewaxed, and acid-hydrolyzed fractions of all samples demonstrated high 
carbon contents (-60-70%), and bulk, dewaxed, and saponified cuticles of all samples 
suggested high aliphaticity, as determined by the H/C atomic ratio. Removal of the 
polysaccharide component decreased the hydrogen content in the acid-hydrolyzed 
cuticles, which in turn decreased the H/C ratio. The polarity, as determined by the 
(O+N/C) atomic ratio, was low in the bulk, dewaxed, and acid-hydrolyzed cuticles, and 
high in the saponified cuticle, due to this fraction’s high polysaccharide content. Unlike 
the tomato and pepper fruits, a high proportion of the apple fruit and olive leaf cuticles 
were comprised of cuticular waxes. The wax isolated from the apple fruit was highly 
aliphatic and demonstrated the lowest (O+N/C) ratio of all the samples. 
i o 
Results from C NMR and FTIR spectra confirmed that the cuticles of all the 
plant materials studied were comprised of extractable lipids, polysaccharides, and cutin, 
whereas the cuticles extracted from the pepper fruit, apple fruit and olive leaf also 
contained cutan-like residues. Bulk and dewaxed fractions of all four samples exhibited 
dominant peaks and bands representing methylene carbons, suggesting a highly aliphatic 
nature. NMR integration data indicated aliphatic carbon content ranging between 87% 
and 96% and paraffinic carbon content between 38% and 73% for all four cuticles. 
Saponified cuticle fractions were dominated by a carbohydrate-type carbon. 
Spectroscopic analyses of the acid hydrolyzed, cutan-like residues indicated that in this 
fraction, apple fruit and olive leaf varied slightly from pepper fruit. Although the apple 
fruit and olive leaf cutan-like fractions were similar to the pepper fruit in aliphaticity 
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(56%, 50%, and 60%, respectively), the apple fruit and olive leaf had much lower 
paraffinic carbon and demonstrated weaker methylene carbon peaks and bands. 
Deviations of the cutan-like residue in the apple fruit and olive leaf from the pepper fruit 
may be due to low cutan content in the cuticle, causing a variation in the spectral 
characteristics from the highly aliphatic cutan studied in the literature or the presence of 
residue from incomplete saponification. These results provided evidence that the pepper 
fruit, apple fruit, and olive leaf cuticles each contained a cutan-like fraction, but in the 
olive leaf and apple fruit, this fraction had a slightly different chemical structure from 
that of the pepper fruit and made up a smaller percent of the total cuticle. 
Decomposition of Plant Cuticular Materials 
Although characterizing the fresh cuticular material provided some insight into 
the importance of plant cuticular materials to SOM, monitoring decomposition-induced 
changes in the structure and composition of tomato, pepper, and apple fruit cuticles 
presented a better understanding of the specific role of the plant cuticle, specifically cutin 
and cutan, within whole organic material decomposition. Past work monitoring 
decomposition focused on whole organic material and used litterbags or soil profile 
assessment to analyze changes in organic material structure through decomposition. 
Studies using whole organic material concluded that with decomposition: alkyl carbon 
increases, indicative of microbial biomass production and/or inputs of persistent plant- 
derived alkyl substances; O-alkyl carbon decreases, indicative of preferential 
decomposition of carbohydrates; aromatic carbon exhibits little change, indicating 
decomposition at a similar rate to the whole organic material; and carbonyl carbon 
increases. These findings were not necessarily true of plant cuticular materials. 
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Through the decomposition period (38 weeks), cutin content of all three fruit 
cuticles demonstrated a relative decrease. The greatest decrease was exhibited by the 
pepper (68% to 23% in the first 16 weeks). At the end of the 38-week period, the cutin 
contents were 44%, 20%, and 29% for the tomato, pepper and apple cuticles, 
respectively. Conversely, cutan-like residue in the pepper and apple cuticles 
demonstrated a significant increase in content relative to the intial cutan concentrations of 
each fruit cuticle. At the conclusion of the experiment, cutan-like residue contents were 
20% and 17% for the pepper and apple, respectively. Elemental analyses of the isolated 
fractions from the three fruits were similar. The aliphaticity, as measured by the H/C 
ratio, exhibited no change or a general decrease in all cuticular fractions except the acid- 
hydrolyzed (cutan-like) fraction, in which H/C increased through the decomposition 
period. Polarity (O+N/C ratio) increased in all fruit fractions through decomposition. 
NMR and FTIR results for the bulk, dewaxed, and saponified fractions isolated 
from the decomposing fruit skins indicated a decrease in methylene carbon, an increase in 
carboxyl carbon, and an increase in polysaccharides through decomposition. The latter 
two increases may be due to microbial biomass accumulation. These results indicated 
that although alkyl carbon content reported for whole organic material may increase 
through decomposition, it is unlikely that the cuticular lipid or cutin are contributing to 
the increase, as had been previously suggested, because these fractions exhibited a 
marked decrease in prevalence through decomposition. After 38-weeks of 
decomposition, the acid-hydrolyzed fractions of the pepper and apple fruit cuticles 
exhibited few changes, suggestive of the resistance of cutan to humification. The apple 
cutan-like residue did indicate a slight decrease in paraffinic carbon content in the first 
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few weeks of decomposition, but this decrease likely involved the degradation of residual 
cutin acids. 
The results of this experiment demonstrated that cuticular materials do not 
contribute to the decrease in O-alkyl carbon and aromatic carbon, as demonstrated by 
whole organic material experiments and that cutan from plant cuticles does persist 
through early decomposition and may contribute to the aliphatic nature of SOM. After 
38-weeks of decomposition, the biomass of the tomato, pepper, and apple cuticles 
decreased by over 80%, but their isolated bulk cuticles were still -80% aliphatic. The 
high aliphaticity of the residual cuticular materials indicated that after early 
decomposition, plant cuticles will likely become a stable aliphatic structure in SOM, 
contributing to the formation of humic substances. 
Sorption Behavior of Fractionated Cuticular and Humic Materials 
Classical studies indicated that selective preservation and accumulation of 
aromatic biomacromolecules in SOM are important to humic material formation, but 
more recent work using I3C NMR has demonstrated that aliphatic moieties also may 
provide a source of stable structures in SOM and thus contribute to the formation of 
humic substances. This work and others from the literature have demonstrated that 
cuticular membranes from decomposing plants are one of the primary sources of aliphatic 
moieties present in SOM humic substances. Fresh cuticular materials have demonstrated 
a high affinity for HOCs. Their high sorption potential, combined with the inhibited 
degradation rate, provides them with an important role in the fate and transport of 
contaminants in SOM. To better understand the potential contribution of plant cuticles to 
humic materials in soil, a cuticle fractionation method was applied to isolated soil humic 
substances. The structure, composition and phenanthrene sorption potential of bulk, 
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dewaxed, saponified, acid hydrolyzed and bleached fractions of HAs and HU were 
assessed and compared to those of decomposed cuticular materials. 
Fractionation of humic materials yielded characterization results similar to that of 
fractionated cuticular materials. Elemental and spectroscopic analyses indicated that the 
saponified fraction had the highest polarity and that the bulk fraction had the highest 
aliphaticity. The cutan-like acid hydrolyzed fraction yielded the lowest aliphatic and 
paraffinic carbon contents. The NMR and FTIR spectra assessed for each of these 
fractions looked similar to the respective cuticular fraction, except for a strong aromatic 
signature, likely associated with lignin. Using a bleaching treatment to remove these 
aromatics revealed highly aliphatic spectra nearly identical to cutan isolated from pepper 
fruits in this work, and Agave americana and Clivia miniata, as reported in the literature. 
Sorption data of phenanthrene to the fractionated fresh (0 week) and decomposed 
(38 weeks for pepper and apple, 52 weeks for tomato) cuticles, and humic materials fit 
well to the Freundlich equation. In the fresh cuticle fractions, the highest Log Koc values 
were calculated for the bulk and dewaxed fractions of each fruit cuticle (~4.9), followed 
by the acid-hydrolyzed fraction (—4.5) and then the saponified fractions (4.0 and 3.3 for 
pepper and apple, respectively). The low sorption to the saponified fractions likely is due 
to the high polarity caused by the high polysaccharide content. Sorption to almost all of 
the fresh cuticle fractions was nearly linear. Decomposition of the fruit skins increased 
the condensation (as demonstrated by a decrease in H/C ratio, an increase in NMR 
aromatic domains and the increase in prominence of a NMR crystalline methylene carbon 
peak at 32 ppm) of the isolated cuticular fractions and caused their sorption isotherms to 
become more nonlinear. Condensed SOM portrays nonlinear sorption behavior through 
adsorption processes. Through decomposition of the fruit skins, Log Koc generally 
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decreased in the bulk and dewaxed fractions, likely due to the decrease in paraffinic 
carbon content, increase in crystalline aliphatic peak at 32 ppm, and an increase in 
polarity. Log Koc exhibited an increase through decomposition in the saponified and 
acid-hydrolyzed fractions. The increase in the saponified fractions can be attributed to a 
reduction in the polysaccharide component of this fraction due to preferential degradation 
by microbes, whereas the increase in the acid-hydrolyzed fraction is likely due to an 
increase in paraffinic carbon content and a decrease in polarity through decomposition. 
The fractionated humic materials yielded results similar to the cuticular materials. As in 
the fresh cuticle materials, the fractions with the highest affinity for phenanthrene in the 
HA1 were the bulk and dewaxed fractions (Log Koc of ~4.2). In the more aliphatic HA2 
and HU, phenanthrene sorption affinity amongst the fractions was more like the 
decomposed cuticle materials, where the acid-hydrolyzed fraction had the highest Log 
Koc (~4.6 and ~5.0 for HA2 and HU, respectively). High Log Koc in this fraction is likely 
because the polarity was the lowest of the fractions isolated, and they both demonstrated 
high paraffinic carbon contents. 
Phenanthrene behavior in the humic materials demonstrated that increases in 
sorption were strongly related to decreases in polarity and increases in aliphaticity, and 
vice versa. These decomposition-induced changes made the sorption affinity and 
nonlinearity of the cuticular fractions more comparable to those of the isolated fraction in 
the HAs and HU. Based on the similarities in structure, composition and sorption 
behavior between the isolated fractions of the cuticle and humic substances, these results 
indicate that cuticular materials are likely the predominant source of aliphatic structure in 
humic materials. 
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Suggested Future Work 
Due to the recently identified high HOC sorption affinity of highly aliphatic 
SOM, characterizing the source of SOM’s aliphatic component may lead to a better 
understanding of the sorption mechanisms involved, as well as the fate and transport of 
contaminants in soil. 
A full understanding of the effect that plant materials have on the aliphatic 
component of SOM require an assessment of more than just the plant cuticle influence. 
Contributions of tree wood (mature and sapling), bark, animal byproducts, grasses, 
leaves, microbes and other materials that comprise decomposed SOM also should be 
assessed. Performing a decomposition experiment, similar to the one in the current work, 
using various plant and animal materials listed above would provide information on the 
effect of decomposition on the structure and composition of the collection of materials 
that comprise whole organic material. Isolating the aliphatic materials present in all of 
these samples through decomposition would allow an overall comparison between fully 
decomposed humic substances and the aliphatic components of various types of 
decomposed organic materials. Extending the length of the decomposition period for 
these materials to between two and five years would permit insight into more than just 
the early decomposition of the samples. 
To make these comparisons even more relevant, the composition, structure, and 
sorption behavior of the aliphatic component isolated from plant materials could be 
related to the aliphatic component present in soil in which the plants are growing. This 
relationship would provide a direct comparison of the fresh organic material source to the 
decomposed, humified organic material in the soil, permitting an even more direct 
assessment of the role aliphatic materials perform in SOM. 
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Although it is generally accepted that plant materials are the primary source of 
aliphatic moieties in SOM, the metabolic products of the microbial community also have 
been suggested a potential source of these aliphatic moieties. To truly understand the 
overall sources of the aliphatic components of SOM, the contribution of microbial 
byproducts in the soil needs to be documented and assessed. 
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APPENDIX A 
NMR SPECTRA THROUGH DECOMPOSITION 
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Figure A-l. Solid-state NMR spectra of the tomato bulk cuticle (TCI) at 0, 6, 16, 26, 38 
and 52 weeks of decomposition. 
137 
0 wks 
225 175 125 75 25 -25 
Chemical Shift (ppm) 
Figure A-2. Solid-state NMR spectra of the tomato dewaxed cuticle (TC2) at 0, 6, 16, 
26, 38 and 52 weeks of decomposition. 
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Figure A-3. Solid-state NMR spectra of the pepper bulk cuticle (PCI) at 0, 6, 16, 26 and 
38 weeks of decomposition. 
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Figure A-4. Solid-state NMR spectra of the pepper dewaxed cuticle (PC2) at 0, 6, 16, 26 
and 38 weeks of decomposition. 
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Figure A-5. Solid-state NMR spectra of the pepper saponified cuticle (PC3) at 0, 6, 16, 
26 and 38 weeks of decomposition. 
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Figure A-6. Solid-state NMR spectra of the pepper acid-hydrolyzed cuticle (PC4) at 0, 6, 
16, 26 and 38 weeks of decomposition. 
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Figure A-7. Solid-state NMR spectra of the apple bulk cuticle (AC1) at 0, 1, 2, 4, 16 and 
38 weeks of decomposition. 
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Figure A-8. Solid-state NMR spectra of the apple dewaxed cuticle (AC2) at 0, 1, 2, 4, 16 
and 38 weeks of decomposition. 
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Figure A-9. Solid-state NMR spectra of the apple saponified cuticle (AC3) at 0, 1, 2, 4, 
16 and 38 weeks of decomposition. 
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Figure A-10. Solid-state NMR spectra of the apple acid-hydrolyzed cuticle (AC4) at 0, 1, 
2, 4, 16 and 38 weeks of decomposition. 
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Figure A-l 1. Solid-state NMR spectra of the apple cuticular wax (ACW) at 0, 1, 2, 4, 16 
and 38 weeks of decomposition. 
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APPENDIX B 
FTIR SPECTRA THROUGH DECOMPOSITION 
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Figure B-l. ATR- FTIR spectra of the tomato bulk cuticle (TCI) at 0, 6, 16, 26, 38 and 
52 weeks of decomposition. 
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Figure B-2. ATR- FTIR spectra of the tomato dewaxed cuticle (TC2) at 0, 6, 16, 26, 38 
and 52 weeks of decomposition. 
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Figure B-3. ATR- FTIR spectra of the pepper bulk cuticle (PCI) at 0, 6, 16, 26 and 38 
weeks of decomposition. 
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Figure B-4. ATR- FTIR spectra of the pepper dewaxed cuticle (PC2) at 0, 6, 16, 26 and 
38 weeks of decomposition. 
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Figure B-5. ATR- FTIR spectra of the pepper saponified cuticle (PC3) at 0, 6, 16, 26 and 
38 weeks of decomposition. 
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Figure B-6. ATR- FTIR spectra of the pepper acid-hydrolyzed cuticle (PC4) at 0, 6, 16, 
26 and 38 weeks of decomposition. 
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Figure B-7. ATR- FTIR spectra of the apple bulk cuticle (AC1) at 0, 1, 2, 4, 16 and 38 
weeks of decomposition. 
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Figure B-8. ATR- FTIR spectra of the apple dewaxed cuticle (AC2) at 0, 1, 2, 4, 16 and 
38 weeks of decomposition. 
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Figure B-9. ATR- FTIR spectra of the apple saponified cuticle (AC3) at 0, 1, 2, 4, 16 and 
38 weeks of decomposition. 
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Figure B-10. ATR- FTIR spectra of the apple acid-hydrolyzed cuticle (AC4) at 0, 1, 2, 4, 
16 and 38 weeks of decomposition. 
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Figure B-l 1. ATR- FTIR spectra of the apple cuticular wax (ACW) at 0, 1, 2, 4, 16 and 
38 weeks of decomposition. 
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Table C-l. Integration of CPMAS 13C NMR Spectra3 for tomato and pepper cuticular 
isolations. 
Sample6 
0- 
50 
Distribution of C chemical shift, ppm (%) 
50- 61- 96- 109- 145- 163- 
61 96 109 145 163 190 
190- 
220 
Aliphatic 
C% 
Aromatic 
C% 
Paraffinic 
C% 
TCI 0 49.2 4.4 20.1 5.5 7.5 4.0 7.2 2.2 87.4 12.6 49.2 
6 55.6 3.3 17.2 4.4 7.2 3.9 6.1 2.2 87.9 12.1 55.6 
16 46.9 3.3 18.3 4.7 8.9 4.2 9.9 3.8 84.8 15.2 46.9 
24 53.8 3.8 18.3 4.3 8.1 4.3 5.9 1.6 86.6 13 4 53.8 
38 46.5 3.3 17.2 5.2 8.8 5.6 10.2 3.3 83.3 16.7 46.5 
52 45.8 5.0 22.9 6.0 9.6 4.1 6.9 0.0 85.5 14.5 45.8 
TC2 0 49.4 4.9 20.4 5.5 6.9 4.0 7.4 1.7 88.1 11.9 49.4 
6 54.4 3.8 18.5 4.4 7.1 3.3 6.5 2.2 88.7 11.3 54.4 
16 41.5 3.7 21.2 5.4 9.5 4.6 10.0 4.1 83.6 16.4 41.5 
24 49.0 3.9 20.6 5.4 8.3 4.4 6.9 1.5 86,1 13.9 49.0 
38 41 8 4.2 18.8 5.9 9.6 5.4 10.9 3.3 82.4 17.6 41.8 
52 46.1 4.6 22.6 5.5 9.2 4.1 7.4 0.5 85.3 14.7 46.1 
PCI 0 45.6 4.3 25.2 5.5 6.8 2.8 10.4 2.4 88.9 11.1 45.6 
6 29.8 6.5 22.3 5.7 12.5 4.5 16.4 2.4 79.1 20.9 29.8 
16 29.6 6.8 20.4 5.3 13.3 5.0 16.9 2.7 77.2 22.8 29.6 
26 37.0 7.8 2.7 5.2 12.6 4.4 11.1 1.1 80.6 19.4 37.0 
38 32.5 7.1 18.5 4.5 12.7 4.9 17.2 2.6 78.1 21.9 32.5 
PC2 0 42.3 5.0 27.7 5.3 6.0 2.3 9.9 1.6 90.6 9.4 42.3 
6 24.5 7.4 24.8 6.1 11.8 4.4 17.9 3.2 79.5 20.5 24.5 
16 31.1 8.1 23.3 4.9 12.4 3.4 16.8 0.0 81.0 19.0 31.1 
26 33.6 8.1 20.5 5.4 13.4 5.7 13.1 0.3 77.9 22.1 33.6 
38 28.7 7.5 19.0 4.9 33.2 5.5 18.7 2.6 76.3 23.7 28.7 
PC3 0 14.3 4.5 45.4 10.9 6.6 6.6 2.8 2.1 88.9 111 14.3 
6 17.4 7.3 29.1 7.1 12.2 4.3 18.8 3.7 78.7 21.3 17.4 
16 18.7 7.5 24.5 6.4 14.0 5.0 20.6 3.4 74.9 25.1 18.7 
26 23.8 10.7 25.7 6.9 13.3 5.7 13.8 0.0 77.9 22.1 23.8 
38 24.7 8.4 21.0 5.4 12.6 4.9 20.5 2.5 77.2 22.8 24.7 
PC4 0 31.2 3.9 7.7 3.7 5.5 10.9 10.4 6.6 56.1 43.9 31.2 
6 28.0 5.9 9.0 3.1 27.4 9.5 12.0 5.0 55.4 44.6 28.0 
16 32.8 6.9 9.8 3.6 26.6 8.9 9.2 2.3 60.0 400 32.8 
26 33.8 7.4 9.4 4.7 28.0 7.4 7.4 1.7 61.0 39.0 33.8 
38 29.1 5.5 8.4 4.1 28.5 9.6 10.8 4.1 55.3 44.7 29.1 
* Aliphatic C: Aliphatic C region (0-109ppm) divided by aliphatic and aromatic regions (0-163ppm); Aromatic C: aromatic C region 
(109-163ppm) divided by aliphatic and aromatic regions (0-163ppm), 
b Isolation symbol C1 represents the bulk cuticle, C2 represents the dewaxed cuticle, C3 represents the saponified cuticle, C4 
represents the acid hydrolyzed cuticle. 
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Table C-2. Integration of CPMAS 13C NMR Spectra3 for apple cuticular isolations. 
Sampleb 
0- 
50 
Distribution of C chemical shift, ppm (%_) 
50- 61- 96- 109- 145- 163- 
61 96 109 145 163 190 
190- 
220 
Aliphatic 
C% 
Aromatic 
C% 
Paraffinic 
C % 
AC1 0 55.5 5.2 15.3 3.2 8.9 2.4 7.0 2.6 87.6 12.4 55.5 
1 41.2 4.9 25.9 6.2 9.1 3.7 7.0 2.1 86.0 14.0 41.2 
2 42.2 4.6 23.6 6.3 10.1 3.8 6.8 2.5 84.7 15.3 42.2 
4 61.3 4.3 12.3 2.5 8.6 1.8 7.4 1.8 88.5 11.5 61.3 
16 46.7 5.6 15.4 4.7 11.2 5.1 8.4 1.9 91.8 18.2 46.7 
38 47.5 4.0 14.3 6.4 13.2 5.0 10.0 0 79.9 20.1 47.5 
AC2 0 37.5 4.7 28.6 6.5 7.7 3.7 8.6 2.7 87.1 12.9 34.5 
1 25.5 5.4 39.5 10.2 7.9 4.3 5.4 1.8 86.8 13.2 25.5 
2 24.5 4.9 39.5 10.8 8.8 4.4 5.4 1.7 85.8 14.2 24.5 
4 27.2 3.5 32.2 9.8 12.3 6.0 7.9 1.1 79.9 20.1 27.2 
16 27.9 4.7 25.9 8.6 14.2 8.6 9.4 0.6 74.6 25.4 27.9 
38 25.3 4.5 23.6 8.4 14.6 7.7 11.9 3.8 73.4 26.6 25.3 
AC 3 0 12.1 4.5 43.3 11.2 8.9 4.2 12.5 3.4 84.5 15.5 12.1 
1 8.8 4.0 51.6 13.4 7.5 4.8 8.0 1.9 86.3 13.7 8.8 
2 12.3 5.0 44.4 12.3 8.8 5.0 9.2 2.8 84.3 15.7 12.3 
4 12.0 3.2 21.9 10.6 14.8 11.0 13.1 8.2 67.1 32.9 12.0 
16 12.0 4.9 29.6 10.0 15.5 9.3 15.8 2.8 69.5 30.5 12.0 
38 12.0 5.1 22.2 10.7 16.1 10.8 18.2 4.9 65.1 34.9 12.0 
AC4 0 18.8 4.5 10.9 8.7 30.0 13.8 8.0 5.3 49.5 51.5 18.8 
1 13.6 3.7 9.8 9.5 33.0 16.8 8.0 5.5 42.4 57.6 13.6 
2 18.8 3.8 11.3 8.4 27.6 14.6 8.8 6.8 50.0 50.0 18.8 
4 13.2 3.6 10.5 9.4 31.5 17.0 9.1 5.7 43.1 56.9 13.2 
16 10.9 3.8 9.8 9.2 32.2 20.2 9.3 4.6 39.1 60.9 10.9 
38 13.4 3.8 11.3 10.9 27.9 15.8 10.0 6.9 47.4 52.6 13.4 
ACW 0 80.0 8.0 4.8 0.0 4.8 0.0 1.6 0.8 95.1 4.9 80.0 
1 64.1 5.1 7.1 1.3 9.6 2.6 6.4 3.8 86.4 13.6 64.1 
2 65.8 5.3 7.2 1.3 9.2 2.0 6.6 2.6 87.7 12.3 65.8 
4 69.4 4.9 6.3 1.4 8.3 1.4 6.3 2.1 89.4 10.6 69.4 
16 66.7 6.0 7.3 1.3 8.0 2.0 6.7 2.0 89.1 10.9 66.7 
38 61.1 5.7 7.1 1.1 11.4 1.7 8.3 3.5 85.1 14.9 61.1 
“ Aliphatic C: Aliphatic C region (0-109ppm) divided by aliphatic and aromatic regions (0-163ppm); Aromatic C: aromatic C region 
(109-163ppm) divided by aliphatic and aromatic regions (0-163ppm); 
b Isolation symbol C1 represents the bulk cuticle, C2 represents the dewaxed cuticle, C3 represents the saponified cuticle, C4 
represents the acid hydrolyzed cuticle. 
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Table C-3. Elemental analysis3, and atomic ratios of isolated fruit cuticles throughout the 
Fruit Isolation Time (wks) C% H % N % H/C (Oc+N)/C Ash %b 
Tomato TCI 0 63.67 9.31 1.19 1.76 0.32 — 
6 66.37 9.46 1.00 1.71 0.27 0.25 
16 65.43 9.30 1.09 1.71 0.28 0.83 
26 64.02 8.83 1.21 1.66 0.31 0.46 
38 63.72 8.78 1.15 1.65 0.31 1.32 
52 57.60 7.91 1.90 1.65 0.40 3.79 
TC2 0 62.90 9.21 1.29 1.76 0.33 — 
6 65.12 9.22 1.15 1.70 0.28 1.72 
16 62.02 8.70 1.58 1.68 0.32 2.56 
26 61.88 8.49 1.88 1.65 0.34 1.77 
38 60.02 8.00 1.89 1.60 0.37 2.41 
52 55.05 7.64 2.21 1.67 0.46 3.63 
Pepper PCI 0 62.98 9.34 1.26 1.78 0.31 — 
6 52.35 7.66 5.30 1.75 0.50 5.45 
16 50.82 7.09 5.81 1.67 0.53 6.62 
26 50.88 7.11 8.69 1.68 0.53 6.20 
38 49.03 7.04 5.47 1.72 0.59 6.36 
PC2 0 62.27 9.31 1.44 1.79 0.34 — 
6 48.76 6.92 6.14 1.70 0.59 5.98 
16 49.11 6.73 6.37 1.64 0.56 7.95 
26 48.18 6.56 5.95 1.63 0.60 6.94 
38 46.99 6.71 6.07 1.71 0.64 7.32 
PC 3 0 41.16 6.16 3.28 1.80 0.77 — 
6 39.81 5.68 5.81 1.71 0.72 16.61 
16 40.26 5.43 5.93 1.61 0.67 18.85 
26 39.53 5.24 5.35 1.59 0.69 19.21 
38 37.19 5.66 5.59 1.82 0.80 18.12 
PC4 0 64.67 7.19 1.37 1.33 0.24 — 
6 52.53 5.52 3.47 1.28 0.38 15.24 
16 52.17 5.72 3.33 1.32 0.39 14.60 
26 54.99 5.92 3.47 1.29 0.39 10.04 
38 51.88 597 3.16 1.38 0.44 12.30 
Apple AC1 0 67.24 9.79 0.73 1.75 0.25 - 
1 59.56 8.43 0.48 1.70 0.39 0.90 
2 60.52 8.68 0.50 1.72 0.37 0.81 
4 68.24 9.63 0.24 1.69 0.24 0.61 
16 62.94 8.75 1.06 1.67 0.32 2.05 
38 63.45 8.45 0.97 1.60 0.32 1.61 
AC2 0 61.54 9.03 1.03 1.76 0.35 — 
1 53.10 7.77 0.68 1.76 0.54 1.17 
9 
4m 54.08 7.87 0.63 1.75 0.52 0.80 
4 59.43 8.66 0.35 1.75 0.40 0.68 
16 55.93 7.77 1.60 1.67 0.46 2.02 
38 60.03 7.85 1.14 1.57 0.39 1.28 
AC 3 0 39.55 5.49 2.24 1.67 0.87 — 
1 37.59 5.68 1.04 1.81 0.95 9.36 
2 38.33 5.74 0.88 1.80 0.89 10.47 
4 38.93 5.82 0.89 1.79 0.91 8.26 
16 38.41 5.36 2.41 1.67 0.81 15.34 
38 37.37 4.65 2.28 1.32 0.88 14.34 
AC4 0 57.72 4.93 1.57 1.02 0.46 — 
1 55.42 4.88 0.53 1.06 0.51 1.80 
2 55.39 4.92 0.47 1.07 0.51 2.37 
4 54.28 5.05 0.78 1.12 0.54 2.06 
16 52.86 4.88 1.08 1.11 0.58 1.52 
38 56.53 4.39 0.85 0.93 0.51 0.96 
ACW 0 77.19 11.36 0.02 1.77 0.11 — 
1 77.09 10.88 0.03 1.69 0.12 0.17 
2 76.68 10.92 0.05 1.71 0.12 0.30 
4 76.94 10.80 0.00 1.68 0.12 0.01 
16 76.35 10.56 0.18 1.66 0.13 0.10 
38 77.11 10.53 0.06 1.64 0.12 0.12 
a Random elemental anlysis samples were run in triplicate. The standard deviation of these samples was 
<0.6% 
b The ash content for TO fruit cuticle isolations was negligible (0.1%) 
c Oxygen content was calculated by the mass difference. 
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Table C-4. Percent yield of the isolations of tomato, pepper and apple cuticles throughout 
each fruit’s decomposition period. 
Tomato 0 wks 6 wks 
Percent Yield” 
16 wks 26 wks 38 wks 52 wks 
TCI 100 100 100 100 100 100 
TC2 89.0 ±1.9 ab 90.2 ±0.6 a 84.4 ±0.2 c 85.1 ±0.4 c 80.2 ±1.1 b 86.0 ±0.6 c 
Pepper 0 wks 6 wks 16 wks 26 wks 38 wks 
PCI 100 100 100 100 100 
PC2 92.6 ±1.2 a 86.2 ±0.5 b 88.0 40.6 b 91.3 ±0.9 a 87.5 ±1.5 b 
** 
PC 3 24.7 ±2.5 a 61.1 ±0.3 be 65.6 ±0.2 cd 61.4 ±0.9 b 68.2 ±1.2d 
** 
PC4 6.4 ±0.2 a 10.3 ±0.0 b 13.8 ±0.1 d 12.6 ±0.4 c 20.2 ±0.5 e 
** 
Apple 0 wks 1 wks 2 wks 4 wks 16 wks 38 wks 
AC1 100 100 100 100 100 100 
AC2 55.0 ±0.2 a 69.5 ±0.4 d 70.6 ±1.3 d 64.8 ±1.0 b 68.9 ±1.0 d 67.1 ±1.0 c 
** 
AC3 12.2 ±1.3 a 42.5 ±0.2 d 41.3 ±2.1 d 40.1 ±0.5 cd 35.8 ±1,4 b 37.9 ±0.2 be ** 
AC4 2.9 ±0.1 a 14.0 ±0.5 c 12.6 ±0.3 b 12.5 ±0.2 b 13.5 ±0.0 c 16.7 ±0.4 d ** 
ACW 41.9 ±3.2 a 28.1 ±0.4 c 28.7 ±0.2 be 31.5 ±0.3 be 32.7 ±1 Ob 30.5 ±2.0 c 
** 
a The yields of the isolations of each fruit were calculated to the percentage content of 
their respective bulk cuticles. 
bMeans within a row followed by the same letter are not significantly different according 
to Duncan’s New Multiple Range test (0.05). 
c *, ** Significant at the 0.05 or 0.01 probability level, respectively. 
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Figure D-l. Phenanthrene sorption to isolated bulk (HA1-1), dewaxed (HA 1-2), 
saponified (HA1-3) and acid-hydrolyzed (HA1-4) fractions of HA1. 
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Figure D-2. Phenanthrene sorption to isolated bulk (HU-1), dewaxed (HU-2), saponified 
(HU-3) and acid-hydrolyzed (HU-4) fractions of HU. 
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Figure D-3. Phenanthrene sorption to isolated fresh (open symbol) and decomposed 
(filled symbol) tomato bulk cuticle (TCI), and dewaxed cuticle (TC2). 
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Figure D-4. Phenanthrene sorption to isolated fresh (open symbol) and decomposed 
(filled symbol) apple bulk cuticle (AC1), dewaxed cuticle (AC2), saponified cuticle 
(AC3), acid hydrolyzed cuticle (AC4) and cuticular wax (ACW). 
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